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SUBSCRIPTS, UNLESS DEFINED ABOVE 
v a l u e  f o r  component A 
c o n d i t i o n s  a t  bottom of  t e s t  s e c t i o n  
cond i . t ions  a t  edge of l aminar  l a y e r  
c o n d i t i o n s  a t  vapor  l i q u i d  i n t e r f a c e  
v a l u e  f o r  l i q u i d  
c o n d i - t i o n s  i n  s t i l l  
c o ~ d i t i o n s  a t  t o p  of t e s t  s e c t i o n  
v a l u e  f o r  vapor  
The e f f e c t  of  r educed  p r e s s u r e  on d i s t i l l a t i o n  e f f i c i e n c y  i n  
packed columns h a s  been t h e  s u b j e c t  of numerous i n v e s t i g a t i o n s .  A l -  
though t h e s e  i n v e s t i g a t i o n s  have c o n t r i b u t e d  a wea l th  of exper imenta l  
d a t a  cover ing  many k i n d s  of packing and many d i f f e r e n - t  t e s t  m i x t u r e s  
no t h e o r y  h a s  been advanced which w i l l  s a t i s f a c t o r i l v  e x p l a i n  t h e  
p r e s s u r e  e f f e c t s  which have been observed.  
The purpose  o f  t h i s  i n v e s t i g a t i o n  was t o  s t u d y  t h e  e f f e c t  of 
r educed  p r e s s u r e  on t h e  performance of  a  we.t ted w a l l  d i s t i l l a t i o n  c o l -  
umn o p e r a t i n g  under  c o n d i t i o n s  of  t o t a l  r e f l u x .  A w e t t e d  w a l l  col.umn 
was chosen r a t h e r  t h a n  a  packed column i n  t h e  e x p e c t a t i o n  t h a t  t h e  
e l i m i n a t i o n  of t h e  column packing a s  a v a r i . a b l e  would pe rmi t  a  more 
fundamental  view o f  t h e  e f f e c t  of r educed  p r e s s u r e  on t h e  d i s t i l l a t i o n  
p r o c e s s  t o  be t a k e n .  
Up t o  t h e  p r e s e n t  t i m e  no i n v e s t i g a t i o n  of t h e  e f f e c t  of  r e -  
duced p r e s s u r e  on d i s t i l l a t i o n  i n  a  w e t t e d  w a l l  column h a s  been r e -  
p o r t e d .  T h e r e f o r e ,  a  secondary  purpose  o f  t h i s  i n v e s t i g a t i o n  was t, 
t e s t  t h e  e x i s t i n g  d i s t i l l a t i o n  t h e o r i e s  and c o r r e l a t i o n s  under some- 
what d i f f e r e n t  e x p e r i m e n t a l  c o n d i t i o n s  t h a n  have h i t h e r t o  been exam- 
i n e d .  
The vapor  s t r e a m  i n  a w e t t e d  w a l l  column is bounded by a l i q u i d  
f i l m  on t h e  i n t e r i o r  column w a l l .  Hence, t h e  c o n d i t i o n  of t h e  l i q u i d  
s u r f a c e  can be e x p e c t e d  t o  i n f l u e n c e  t h e  vapor  s t r e a m  i n  much t h e  same 
way t h a t  w a l l  roughness  i n f l u e n c e s  f low i n  p i p e s .  
x i i i  
The p o i n t  o f  v i ew t a k e n  i n  t h i s  i n v e s t i g a t i o n  was t h a t  an under-  
s t a n d i n g  o f  . the  hydrodynamic c o n d i t i o n s  e x i s t i n g  i n  w e t t e d  w a l l  columns 
and t h e  i n f l u e n c e  o f  t h e s e  c o n d i t i o n s  on t h e  d i s t i l l a t , i o n  p r o c e s s  i s  
e s s e n t i a l  t o  t h e  p r o p e r  i n t e r p r e t a t i o n  and  e x p l a n a t i o n  o f  t h e  d a t a  ob- 
t a i n e d .  
The a p p a r a t u s  u s e d  c o n s i s t e d  o f  a  w e t t e d  w a l l  d i s t i l - l a t i o n  c o l -  
umn h a v i n g  an i n t e r n a l  d i a m e t e r  o f  1 .9  c e n t i m e t e r s  and  a  mass t r a n s f e r  
l e n g t h  o f  125,l. c e n t i m e t e r s .  P r o v i s i o n s  f o r  t h e  m a i n t e n a n c e  o f  a d i a -  
b a t i c  o p e r a t i n g  c o n d i t i o n s ,  t h e  w i t h d r a w a l  of  s amples ,  and t h e  measure-  
ment and  c o n t r o l  o f  t e m p e r a t u r e ,  p r e s s u r e ,  and  b o i l - u p  r a t e  were  i n -  
c l u d e d  i n  t h e  column d e s i g n .  
The pe r fo rmance  o f  t h e  column was s t u d i e d  by d i s t i l l i n g  a  
ch lo robenzene-e thy lbenzene  t e s t  m i x t u r e  u n d e r  c o n d i t i o n s  o f  t o t a l  
r e f l u x .  V a r i o u s  r u n s  were  conduc ted  a t  each  o f  t h e  f o l l o w i n g  f o u r  
p r e s s u r e s :  736, 300, 100, and 20 m i l l i m e . t e r s  o f  mercu ry .  
The f l o w  r a t e s  s t u d i e s  c o v e r e d  a  v a p o r  Reynolds  number r a n g e  
o f  f rom 520 t o  18 ,600  and  t h u s  p r o v i d e d  d a t a  i n  t h e  l a m i n a r ,  t r a n s i -  
t i o n ,  a ~ d  t u r b u l e n t  r e g i o n s  o f  v a p o r  f l o w .  T h i s  r a n g e  o f  f l o w  r a ' t e s  
i s  g r e a t e r  t h a n  t h a t  o b t a i n e d  i n  a n y  p r e v i o u s  i n v e s t i g a t i o n  which 
i n c l u d e d  a l l  t h r e e  r e g i o n s  o f  v a p o r  f l o w ,  A t  20 m i l l i m e t e r s  o f  
mercu ry  p r e s s u r e  t h e  column f l o o d e d  b e f o r e  t h e  t u r b u l e n t  r e g i o n  o f  
v a p o r  f l o w  c o u l d  b e  e n t e r e d ,  and c o n s e q u e n t l y ,  a t  t h i s  p r e s s u r e  t h e  
d a t a  c o v e r  o n l y  t h e  l a m i n a r  and  t r a n s i t i o n a l  r e g i o n s .  I n  t h i s  i n -  
v e s t i g a t i o n  t h e  t r a n s i t i o n  r e g i o n  i s  t a k e n  t o  be t h a t  r e g i o n  between 
l a m i n a r  and f u l l y  d e v e l o p e d  t u r b u l e n t  f l o w ,  
x i v  
The r e s u 1 . t ~  o f  t h i s  i n v e s t i g a t i o n  showed t h a t  i n  t h e  r e g i o n  o f  
l a m i n a r  v a p o r  f l o w  a  d e c r e a s e  i n  p r e s s u r e  a t  c o n s t a n t  v a p o r  v e l o c i t y  
c a u s e d  an i n c r e a s e  i n  column e f f i c i e n c y .  T h i s  r e s u l t  i s  i n  agreement  
w i t h  a  t h e o r e t i c a l  r e l a t i o n  p r e s e n t e d  by Westhaver ( I n d u s t r i a l  and 
E n q i n e e r i n q  Chemis t ry ,  34, 1 2 0  (1942)  ) . 
I n  t h e  r e g i o n  o f  t r a n s i t i o n a l  v a p o r  f l o w  a  d e c r e a s e  i n  o p e r a t i n g  
p r e s s u r e  a t  c o n s t a n t  vapor  Reynolds  n u a b e r  c a u s e d  a  d e c r e a s e  i n  column 
e f f i c i e n c y .  T h i s  was found  t o  b e  d u e  t o  t h e  i n f l u e n c e  o f  l i q u i d  f i l m  
r i p p l i n g  on t h e  v a p o r  . t u r b u l e n c e  c o n d i - t l o n s .  
I n  t h e  r e g i o n  o f  t u r b u l e n t  v a p o r  f l o w  a  d e c r e a s e  i n  o p e r a t i n g  
p r e s s u r e  a t  c o n s t a n t  v a p o r  Reynolds  number caused  an i n c r e a s e  i n  column 
e f f i c i e n c y .  T h i s  r e s u l t  is  i n  ag reemen t  w i t h  a  mass t r a n s f e r  t h e o r y ,  
p r e v i o u s l y  a p p l i e d  t o  v a p o r i z a t i o n  d a t a  by G i l l i l a n d  ( I n d u s t r i a l  and 
E n q i n e e r i n q  Chemis t ry ,  30, 506 (1938) ) , which assumes t h a t  t h e  r e s i s t -  
a n c e  t o  mass t r a n s f e r  i s  t h e  sum of t h e  r e s i s t a n c e  o f  t h e  t u r b u l e n t  
c a r e  and t h e  r e s i s t a n c e  o f  t h e  t r u e  l a m i n a r  l a y e r .  
The r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  were  compared w i t h  a  number o f  
e m p i r i c a l  r e l a t i o n s ,  such  a s  t h o s e  o f  G i l l i l a n d  and Sherwood ( ~ n d u s t r a  
and  E n q i n e e r i n q  Chemis t ry ,  26, 5 1 6  (1934)  ) and J o h n s t o n e  and P i g f o r d  
( ~ r a n s a c t i o n s  of  t h e  American I n s t i t u t e  o f  Chemical  E n q i n e e r s ,  38, 25 
( 1 9 4 2 ) ) ,  which i n c l u d e d  t h e  Schmidt  number t o  a  f r a c t i o n a l  power. A l -  
t hough  t h e  d a t a  which  were o b t a i n e d  a t  a t m o s p h e r i c  p r e s s u r e  were i n  
e x c e l l e n t  agreement  w i t h  t h e  c o r r e l a t i o n s  d e v e l o p e d  by p r e v i o u s  i n v e s t i -  
g a t o r s  o f  d i s t i l l a t i o n  and v a p o r i z a t i o n  a t  a t m o s p h e r i c  p r e s s u r e ,  it was 
found t h a t  t h e  o b s e r v e d  e f f e c t  o f  r e d u c e d  p r e s s u r e  c o u l d  n o t  be c o r r e l a t e d  
by t h e s e  r e l a t i o n s .  T h i s  was shown t o  b e  due  t o  a  f u n d a m e n t a l  f a u l t  i n  
t h e  form of  t h e  c o r r e l a t i o n s .  
The i n f l u e n c e  o f  t h e  l i q u i d  f i l m  s u r f a c e  on t h e  v a p o r  s t r e a m  was 
g r e a t e s t  i n  t h e  r e g i o n  o f  t r a n s i t i o n a l  v a p o r  f l ow .  The v a p o r  Reynolds  
number a t  which  t u r b u l e n t  f l o w  began i n  t h e  v a p o r  was a f u n c t i o n  o f  t h e  
d e g r e e  o f  r i p p l i n g  o f  t h e  l i q u i d  r e f l u x  f i l m  and  v a r i e d  w i t h  t h e  o p e r -  
a t i n g  p r e s s u r e .  
The most i m p o r t a n t  c o n c l u s i o n  drawn from t h e  r e s u l t s  o f  t h i s  
i n v e s t i g a t i o n  i s  t h a t  i n  a l l  r e g i o n s  o f  v a p o r  f l o w ,  l a m i n a r ,  t r a n s i -  
t i o n a l ,  and  t u r b u l e n t ,  a  d e c r e a s e  i n  o p e r a t i n g  p r e s s u r e  a t  c o n s t a n t  
v a p o r  t u r b u l e n c e  c o n d i t i o n s  c a u s e s  an i n c r e a s e  i n  column e f f i c i e n c y .  
CHAPTER I 
INTRODUCTION 
G e n e r a l  
The reduc . t ion  i n  o p e r a t i n g  t e m p e r a t u r e s  which accompanies d i s -  
  illation under r educed  p r e s s u r e  a c c o u n t s  f o r  t h e  e x t e n s i v e  a p p l i c a t i o n  
of vacuum d i s t i l l a t i o r .  i n  i n d u s t r y .  Thermal ly  u n s t a b l e  s u b s t a n c e s  which 
would be  s u b j e c t  t o  decomposi t ion o r  p o l y m e r i z a t i o n  a t  t h e  t e m p e r a t u r e s  
of  a tmospher ic  d i s t i l l a t i o n  may be s a f e l y  s e p a r a t e d  by vacuum d i s t i l l a -  
t i o n .  Vacuum d i s t i l l a t i o n  is a l s o  wide ly  used  f o r  t h e  s e p a r a t i o n  of 
h e a t - s t a b l e  compounds which b o i l  a t  i n c o n v e n i e n t l y  h i g h  t e m p e r a t u r e s  
and f o r  t h e  s e p a r a t i o n  of  m i x t u r e s  which form a z e o t o p e s  a t  a tmospher ic  
p r e s s u r e .  
The e f f e c t  o f  r educed  p r e s s u r e  on t h e  e f f i c i e n c y  of  packed c o l -  
umns h a s  been s t u d i e d  by many i n v e s t i g a t o r s .  A r e v i e w  of t h e  l i t e r a -  
t u r e  on t h i s  s u b j e c t  shows wide d i sagreement  among t h e  r e s u l t s  which 
have been o b t a i n e d ,  
The f i r s t  p u b l i s h e d  r e p o r t  of an i n v e s t i g a t i o n  of t h e  e f f e c t  o f  
r educed  p r e s s u r e  on d i s t i l l a t i o n  appeared  some 27 y e a r s  ago. Docksey 
and May (1)  o b t a i n e d  a  l i m i t e d  amount of d a t a  on t h e  d i s t i l l a t i o n  of 
n i . t r o b e n z e n e - a n i l i n e  m i x t u r e s  a t  p r e s s u r e s  of  10 and 253 m i l l i m e t e r s  of  
mercury i n  a  two- inch d i a m e t e r  column packed f o r  a  h e i g h t  o f  t h i r t y - s i x  
i n c h e s  w i t h  o n e - f o u r t h  i n c h  L e s s i n g  r i n g s .  The d a t a  were i n  agreement 
w i t h  a  t h e o r y  deve loped  by t h e  a u t h o r s  on t h e  assumpt ion t h a t  t h e  
in , t e rchange  of m a t e r i a l  from one phase  .to t h e  o t h e r  depends o n l y  on 
t h e  r a t e  of d i f f u s i o n  th rough  t h a t  p o r t i o n  of t h e  vapor  i n  which t h e  
f low i s  s t r e a m l i ? e ,  It i s  r emarkab le  t h a t  no f u r t h e r  c o n f i r m a t i o n  o r  
s t u d y  o f  t h i s  t h e o r y  h a s  been r e p o r t e d .  
Subsequent i n v e s t i g a t o r s  have c o r t r i b u t e d  a wea l th  of  d a t a  
cover ing  many k i n d s  o f  packing and ma;?y d i f f e r e n t  t e s t  mixtu:res but  
have been u n a b l e  50 p r e s e n t  any %heor:] which w i l l  s a t i s f a c t o r i l y  e x p l a i n  
a l l  of  t h e  observed d a t a .  Most (4) (5) ( 6 )  (7) (11) (12)  116) have found t h e  
e f f e c t  of  reduced p r e s s u r e  t o  be s l i g h t  a l t h o u g h  some (2) (8) (10) (14)  (17) 
have found t h e  e f f i c i e n c y  t o  be d e f i n i t e l y  improved by a r e d u c t i o n  i n  
o p e r a t i n g  p r e s s u r e .  Others  (:3) ( 1 3 )  (15)  have rloted a d e c r e a s e  i n  e f f i -  
c i e n c y  w i t h  d e c r e a s e d  p r e s s u r e  and one i n v e s t i g a t o r  ( 9 )  h a s  even ob- 
s e r v e d  t h a t  a s  t h e  p r e s s u r e  was reduced t h e  e f f i c i e n c y  reached  a rnaxi- 
mum and t h e n  d e c r e a s e d  a g a i n .  
The purpose  of  t h i s  i n v e s t i g a t i o n  was t o  . s tudy t h e  e f f e c t  of  
r educed  p r e s s u r e  on t h e  pe.cformance of  a w e t t e d  w a i l  d i s t i l l a t i o n  column 
o p e r a t i n g  under c o , ? d i t i o n s  of t o t a l  r e f l u x .  A w e t t e d  w a l l  column was 
chosei.1 ra.the.r t h a n  a  packed column i n  t h e  expec . t a t ion  t h a t  t h e  e l i m i n a -  
t i o n  of t h e  column packing a s  a v a r i a b l e  would pe rmi t  a more fundamental  
view of  t h e  e f f e c t  of  reduced p r e s s u r e  on t h e  d i s t i l l a t i o n  p r o c e s s  t o  be 
t a k e n ,  Up t o  t h e  p r e s e n t  t i m e  no i n v e s t i g a t i o n  of t h e  e f f e c t  of  reduced 
p r e s s u r e  on d i s t i l l a t i o n  i n  a we-t t e d  w a l l  column h a s  been r e p o r t e d  and 
he:?ce a secondary  purpose  of  + h i s  i n v e s , t i g a t i o n  was t o  t e s t  t h e  e x i s t i n g  
d i s t ; i l l a t i o i l  , theo:ries and c o r r e l a t i o n s  under somewhat d i f f e r e n t  e x p e r i -  
menta l  c o n d i t i o n s  t h a n  have h i - t h e r t o  been inves ' t - . iga ted.  
The s c o p e  o f  t h i s  i n v e s t i g a t i o n  i n c l u d e s  n o t  o n l y  t h e  l a m i n a r  
and  t u r b u l e n t  r e g i o n s  o f  v a p o r  f l o w  b u t  a l s o  t h e  r e g i o n  o f  t r a n s i t i o n a l  
f low,  i . e , ,  t . ha t  r e g i o n  be-tween l a m i n a r  and f u l l y  d e v e l o p e d  t u z b u l e n t  
f l ow.  The r e g i o n  of  t r a n s i t i o n a l  v a p o r  f l o w  h a s  been a l m o s t  e n t i r e l y  
i g n o r e d  by p r e v i o u s  i n v e s t i g a t o r s  o f  d i s t i l l a t i o n  i n  w e t t e d  w a l l  c o l -  
umns. 
The a d v a n t a g e s  o f  w e t t e d  w a l l  columns a s  d e v i c e s  f o r  t h e  s t u d y  
o f  mass t r a n s f e r  h a v e  long  been r e c o g n i z e d .  T h e i r  s i m p l i c i t y  p e r m i t s  
i p r e c i s e  e v a l u a t i o n  of  t h e  i n t e r f a c i a l  a r e a  a v a i l a b l e  f o r  mass t r a n s -  
f e r  and  t h e i r  r e s e m b l e n c e  t o  s i m p l e  p i p e s  p e r m i t s  e s t i m a t e s  o f  b o t h  
v a p o r  and  l i q u i d  p h a s e  t u r b u l e n c e  c o n d i t i o n s  t o  be  made. To e x p l o i t  
f u l l y  t h e s e  a d v a n t a g e s ,  i t  i s  n e c e s s a r y  t o  t a k e  i n t o  a c c o u n t  t h e  i n -  
f l u e n c e  o f  t h e  hydrodynamic c o n d i t i o n  of t h e  l i q u i d  and v a p o r  p h a s e s  
on t h e  mass t r a n s f e r  p r o c e s s ,  
The v a p o r  s t r e a m  i n  a w e t t e d  w a l l  column is bounded by a l i q u i d  
f i l m  on t h e  i n t e r i o r  column w a l l .  C o n s e q u e n t l y ,  t h e  c o n d i , t i o n  of t h e  
l i q u i d  s u r f a c e  can be  e x p e c t e d  t o  i n f l u e n c e  t h e  vapor  s t r e a m  i n  much 
+ h e  same way t h a t  w a l l  r o u g h n e s s  i n f l u e n c e s  f l o w  i n  p i p e s .  Of c o u r s e  
t h e  hydrodynamic  c o n d i t i o n  of  t h e  l i q u i d  f i l m  can b e  expec , ted  t o  be o f  
p r i m a r y  i m p o r t a n c e  i n  d e t e r m i n i n g  mass t r a n s f e r  w i t h i n  t h e  l i q u i d .  
These  g e n e r a l  c o n s i d e r a t i o n s  form t h e  b a s i s  f o r  t h e  p o i n t  o f  
v iew t a k e n  i n  t h i s  i n v e s t i g a t i o n ,  i .e.,  t h a t  an u n d e r s t a n d i n g  o f  t h e  
hyd.rodynamic c o n d i t i o n s  e x i s t i n g  i n  w e t t e d  w a l l  columns and  t h e  i n -  
f l u e n c e  o f  t h e s e  c o n d i t i o n s  on t h e  d i s t i l l a t i o n  p r o c e s s  i s  e s s e n t i a l  
t o  t h e  p r o p e r  i n t e r p r e t a t i o n  and e x p l a n a t i o n  o f  t h e  d a t a  o b t a i n e d -  
The purpose  of t h i s  c h a p t e r  i s  t o  r ev iew t h e  l i t e r a t u r e  n e c e s s a r y  t o  
e s t a b l i s h  a  b a s i s  f o r  t h e  a p p l i c a t i o n  of t h i s  p o i n t  of  view t o  t h e  
d a t a  of  t h i s  i n v e s t i g a t i o n .  
D i s t i l l a t i o n  and V a p o r i z a t i o n  i n  Wetted Wall Columns 
G i l l i l a q d  and Sherwood (18) s t u d i e d  t h e  e v a p o r a t i o n  of e i g h t  
o r g a n i c  l i q b l d s  aqd wa te r  i n t o  bo th  c o c u r r e n t  and c o u n t e r c u r r e n t  t u r b u -  
l e n t  a l r  s t r e a m s  f lowing i l  a w e t t e d  w a l l  colbm? 2.67 c e n t i m e t e r s  i n  
d i a m e t e r  and 117 c e n t i m e t e r s  l o n g ,  The vapor  phase  Reynolds number was 
v a r i e d  from 2,000 t o  36,000 and t h e  t o t a l  p r e s s u r e  was v a r i e d  from 110 
t o  2,3.30 m i l l i m e t e r s  of mercury. The l i q u i d  r a t e  i n  d l 1  r u n s  was ap- 
p r o x i m a t e l y  790 c u b i c  c e q t i m e t e r s  p e r  minute.  The l i q u i d  t e m p e r a t u r e  
v a r i e d  between 30 and 100 degrees  c e n t i g r a d e  depending on t h e  l i q u i d  
be ing  used.  The e n t e r i n g  a i r  was h e a t e d  t o  w i t h i n  t h r e e  d e g r e e s  c e n t i -  
g r a d e  of  t h e  l i q u i d  t e m p e r a t u r e .  When t h e  d a t a  were c o r r e c t e d  f c r  
v a r i a t i o n s  i n  Reynolds number no t r e n d  w i t h  p r e s s u r e  was n o t e d ,  
E a r l y  i n v e s t i g a t i o n s  (19) (20) (21) ( 2 2 )  (23) (24) of t h e  performancr  
of  w e t t e d  w a l l  d i s t i l l a t i o n  columns were u ~ d e r t a k e n  t o  compare empi r i -  
c a l l y  t h e  r e l a t i v e  e f f i c i e n c i e s  o f  empty and packed columns r a t h e r  t h a n  
t o  make any fundameqtal  s t u d y  of t h e  a p p a r a t u s "  The columns used were 
of s m a l l  d i a m e t e r ,  g e n e r a l l y  l e s s  t h a n  1.0 c e n t i m e t e r ,  and t h e  l i q u i d  
r a t e s  were such t h a t  l aminar  vapor  f l o w  p r e v a i l e d .  I n  g e n e r a l ,  t h e  
d a t a  showed t h a t  t h e  e f f i c i e n c y  d e c r e a s e d  w i t h  i n c r e a s i n g  l i q u i d  r a t e .  
Rose (25) made one of t h e  e a r l i e s t  fundamental  s t u d i e s  of  d i s -  
t i l l a t i o n  i n  a w e t t e d  w a l l  column. B e ~ z e n e - c a r b o n  t e t r a c h l o r i d e  
m i x t u r e s  were  d i s t i l l e d  i.n w e t t e d  w a l l  columns t h r e e  and s i x  m i l l i -  
m e t e r s  i n  d i a m e t e r  and  30,3 c e n t i m e t e r s  l o n g .  A t  v e r y  low r a t e s  o f  
b o i l i n g  t h e  columns had  h i g h  e f f i c i e n c i e s  b u t  t h e  e f f i c i e n c y  d e c r e a s e d  
r a p i d l y  a s  t h e  r a t e  o f  b o i l i n g  was i n c r e a s e d .  A t  t h e  same r a t e  o f  
b o i l i n g  t h e  3 m i l l i m e t e r  and 6 m i l l i m e t e r  columns had  a p p r o x i m a t e l y  
t h e  same e f f i c i e n c y ,  Rose a l s o  i n v e s t i g a t e d  t h e  e f f e c t  o f  column i n -  
s u l a t i o n  and conc luded  t h a t :  "For  s u c c e s s f u l  o p e r a t i o n  a t  v e r y  low 
r a t e s  o f  b o i l i n g  t h e  columns s h o u l d  be i n s u l a t e d  a l m o s t  a s  w e l l  a s  a  
c a l o r i m e t e r . ' '  
Su rowiec  and F u r n a s  (26) o b t a i n e d  d a t a  on t h e  d i s t i l l a t i o n  of  
e t h y l  a l c o h o l - w a t e r  m i x t u r e s  i n  a  w e t t e d  w a l l  column t w e l v e  i n c h e s  i n  
d i a m e t e r  and e l e v e ?  f e e t  l ong .  The f l o w  r a t e s  s t u d i e d  were  s u f f i c i e n t l y  
h i g h  t o  i n s u r e  t u r b u l e n t  v a p o r  f l o w ,  The d a t a  o b t a i n e d  were  compared 
w i t h  t h a t  p r e v i o u s l y  o b s e r v e d  (27) when t h e  same column h a d  been o p e r -  
a t e d  a s  a packed column w i t h  t h e  same b i n a r y  m i x t u r e .  A t  low r a t e s  o f  
f l o w  t h e  w e t t e d  w a l l  column was a t  l e a s t  a s  e f f i c i e n t  a s  t h e  packed 
colum?. The i n v e s t i g a t i o n  of t h e  packed columq had i n d i c a t e d  t h a t  t h e  
p r i n c i p a l  r e s i s t a y c e  t o  mass t r a n s f e r  was i n  t h e  l i q u i d  f i l m ,  whereas  
t h e  d a t a  o b t a i n e d  i n  t h e  w e t t e d  w a l l  column showed t h a t  t h e  p r i n c i p a l  
r e s i s t a n c e  was i n  t h e  g a s  f i l m ,  T h i s  was t e q t a t i v e l y  e x p l a i n e d  by t h e  
a s s e r t i o n  t h a t  t h e  p a c k i n g  d e c r e a s e d  t h e  g a s  f i l m  r e s i s t a n c e  by d e c r e a s -  
i n g  t h e  a v e r a g e  d i a m e t e r  o f  t h e  v a p o r  p a t h  b u t  had  e s s e n t i a l l y  no  e f f e c t  
on t h e  l i q u i d  f i l m .  
Johns  t o n e  and P i g f o r d  (28) s t u d i e d  b o t h  d i s t i l l a t i o n  and a b s o r p -  
t i o n  i n  a  w e t t e d  w a l l  column 1.17 i n c h e s  i n  d i a m e t e r  and  s i x  f e e t  l o n g .  
F i v e  s y s t e m s  were  i n v e s t i g a t e d ,  i n c l u d i n g  e t h a n o l - w a t e r ,  a c e t o n e -  
c h l o r o f o r m ,  b e n z e n e - t o l u e n e ,  e t h y l e n e  d i c h l o r i d e - t o l u e n e ,  and  benzene-  
e t h y l e n e  d i c h l o r i d e .  The a p p a r a t u s  was o p e r a t e d  a t  t o t a l  r e f l u x  on t h e  
f i r s t  f o u r  sys t ems  and a s  an a b s o r p t i o n  column on t h e  l a s t  two. The 
v a p o r  r a t e s  i n v e s t , i g a t e d  were  a l l  i n  t h e  . t u r b u l e n t  r e g i o n ,  The r e s u l t s  
i n d i c a t e d  t h a t  n o t  more t h a n  t e n  p e r  c e n t  o f  t h e  t o t a l  r e s i s t a n c e  t o  
mass t r a n s f e r  was i n  t h e  l i q u i d  p h a s e .  The o b s e r v e d  r e s i s t a n c e  i n  t h e  
l i q u i d  p h a s e  was c o n s i d e r s b l y  s m a l l e r  t h d n  was p r e d i c t e d  by a  t h e o r e t i -  
c a l  e q u a t i o n  d e r i v e d  by J o h n s t o n e  and P i g f o r d  on t h e  a s sumpt ion  o f  d i f -  
f u s i o n  i n t o  a l a m i n a r  l i q u i d  l a y e r .  T h i s  d i s c r e p a n c y  v$as a t t r i b u t e d  t o  
t h e  e f f e c t  o f  wave mot ion  on t h e  l i q u i d  s u r f a c e .  The e x p e r i m e n t a l  d a t a  
f o r  . t he  f o u r  s y s t e m s  s t u d i e d  a-t t o t a l  r e f l u x  and t h e  a b s o r p t i o n  o f  
e t h y l e n e  d i c h l o r i d e  v a p o r s  by benzene  were  c o r r e l a t e d  by an e m p i r i c a l  
e q u a t i o n  u t i l i z i n g  t h e  v a p o r  Reynolds  number and t h e  Schmidt  number. 
The a u t h o r s  p o i n t  o u t  t h a t  t h e  r a n g e  o f  Schmidt  numbers i n v e s t i g a t e d  
was t o o  pa r row t o  e s t a b l i s h  t h e  dependency o f  t h e  d a t a  on t h e  Schmidt  
g r o u p  w i t h  any  c e r t a i n t y .  The i n f l u e n c e  o f  t h e  l i q u i d  s u r f a c e  on t h e  
v a p o r  p h a s e  . t u r b u l e n c e  was r e c o g n i z e d  and a l l o w e d  f o r  by b a s i n g  t h e  
v a p o r  Reynolds  number on t h e  a v e r a g e  v a p o r  v e l o c i t y  r e l a t i v e  t o  t h e  
l i q u i d  s u r f a c e  v e l o c i t y .  
Kuhn and R y f f e l  (29) i n v e s t i g a t e d  t h e  d i s t i l l a t i o n  of  carbon 
t e t r a c h l o r i d e - b e n z e n e  m i x t u r e s  a t  v e r y  low f l o w  r a t e s  i n  w e t t e d  w a l l  
columns e l e v e n  and one  hundred  c e n t i m e . t e r s  l o n g  and 1,O c e n t i m e t e r  
i n  d i a m e t e r .  Da ta  f o r  two r u n s  i n  t h e  e l e v e n  c e n t i m e t e r  column and  
t h r e e  r u n s  i n  , t he  o n e  hundred  c e n t i m e t e r  column unde r  a  t o t a l  p r e s s u r e  
of  60 m i l l i m e t e r s  of  mercury a r e  r e p o r t e d .  I n  a d d i t i o n  a  s i n g l e  p o i n t  
i s  r e p o r t e d  f o r  t h e  d i s t i l l a t i o n  of t h e  carbon t e t r a c h l o r i d e - b e n z e n e  
m i x t u r e  a t  80 m i l l i m e t e r s  of  mercury i n  a  column 150 c e n t i m e t e r s  long 
and 0 .4  c e n t i m e t e r s  i n  d i a m e t e r  and two p o i n t s  a r e  r e p o r t e d  f o r  t h e  
d i s t i l l a t i o n  of a  m-xylene-p-xylene m i x t u r e  i n  t h e  same column a t  a  
p r e s s u r e  of 95 m i l l i m e t e r s  of mercury.  The d a t a  were o b t a i n e d  t o  t e s t  
a  d i s t i l l a t i o n  t h e o r y  deve loped  by one of t h e  a u t h o r s  (71) f o r  t h e  c a s e  
o f  l aminar  vapor  .f'low. The i n v e s t i g a t i o n  was c a r r i e d  o u t  under  reduced 
p r e s s u r e  merely  t o  a l l e v i a t e  t h e  s t r i c t  i n s u l a t i o n  r e q u i r e m e n t s  n e c e s -  
s a r y  (25) f o r  s a t i s f a c t o r y  o p e r a t i o n  a t  low f low r a t e s .  
Peck and Wagner (30) de te rmined  t h e  r e l a t i v e  f i l m  r e s i s t a n c e  
i n  bo th  a  w e t t e d  w a l l  and a  p l a t e  d i s t i l l a t i o n  column. The w e t t e d  w a l l  
column c o n s i s t e d  of  a  57.25 i n c h  l e n g t h  of 2.07 inch  I .  D. t u b i n g .  The 
sys tems s t u d i e d  were methanol-water ,  ace tone-wate r ,  and i s o p r o p a n o l -  
wa te r .  A l l  r u n s  were conducted under  c o n d i t i o n s  o f . t u r b u l e n t  vapor  
f low.  The r e s u l t s  showed t h a t  i n  t h e  w e t t e d  w a l l  colu~nn a l l  of  t h e  
r e s i s t a n c e  t o  mass t r a n s f e r  r e s i d e d  i n  t h e  g a s  f i l m ,  whereas i n  t h e  
p l a t e  column t h e  g a s  f i l m  comprised o n l y  about f i f t y  p e r  c e n t  of  t h e  
t o t a l  r e s i s t a n c e .  
C h a r i  and S t o r r o w  (31) (32) developed a  un ique  approach t o  t h e  
s t u d y  of d i s t i l l a t i o n  i n  w e t t e d  w a l l  columns. By u s i n g  thermocouples  
t o  measure t h e  condensa t ion  t e m p e r a t u r e  of t h e  vapor  i t  was p o s s i b l e  
t o  d e r i v e  curves  of  vapor  composi t ion a long  t h e  c o n t a c t  p a t h  o f  t h e  
two phases .  The t e s t  column was a  g l a s s  t u b e  137 c e n t i m e t e r s  long  and 
2.55 c e n t i m e t e r s  i n  d i a m e t e r .  The sys tems s t u d i e d  were e t h a n o l - w a t e r  
and methanol-water .  A l l  t e s t s  were c a r r i e d  o u t  under c o n d i t i o n s  of 
t u r b u l e n t  vapor  f low.  The d a t a  o b t a i n e d  i n d i c a t e d  a  h i t h e r t o  unob- 
s e r v e d  dependency of  column e f f i c i e n c y  on vapor  composi t ion.  Th i s  
composi t ion dependency was a t t r i b u t e d  t o  t h e  i n f l u e n c e  of  l i q u i d  f i l m  
r e s i s t a n c e  a l though  p r e v i o u s  i n v e s t i g a t o r s  of r e l a t i v e  r e s i s t a n c e  (28) 
( 30 )  had found t h e  r e s i s t a n c e  of t h e  l i q u i d  f i l m  t o  be  n e g l i g i b l e .  
Jackson  and C e a g l s k i  (33) s t u d i e d  composi t ion e f f e c t s  on d i s -  
t i l l a t i o n  and v a p o r i z a t i o n  i n  a  w e t t e d  w a l l  column by sampl ing t h e  
l i q u i d  r e f l u x  a t  v a r i o u s  p o i n t s  a long  t h e  column l e n g t h .  The column 
used  was c o n s t r u c t e d  o f  s i x  one-fpot  s e c t i o n s  of  h a r d  copper t u b i n g  
1.505 i n c h e s  i n  d i a m e t e r  s o  t h a t  samples c o u l d  be  withdrawn a t  t h e  
j u n c t i o n  of each s e c t i o n .  Data were o b t a i n e d  f o r  t h e  d i s t i l l a t i o n  of 
t h e  2-propanol-water  sys tem a t  t o t a l  and p a r t i a l  r e f l u x ,  and f o r  t h e  
v a p o r i z a t i o n  i n t o  a i r  of w a t e r ,  2-propanol ,  t o l u e n e ,  and w a t e r  from 
g l y c e r o l  s o l u t i o n s .  The d i s t i l l a t i o n  d a t a  showed t h a t  i n  most i n s t a n c e s  
t h e  e f f i c i e n c y  a t  t h e  i n d i v i d u a l  s e c t i o n s  reached  a  minimum v a l u e  a t  
some p o i n t  i n  t h e  column. Th i s  was c o n s i d e r e d  t o  i n d i c a t e  an unexpected 
e f f e c t  of  composi t ion on t h e  mass t r a n s f e r  p r o c e s s .  However, t h e  e f f i -  
c i e n c y  based on d a t a  a t  t h e  t o p  and bottom of t h e  column showed no  de- 
pendency on composi t ion.  Unl ike  p r e v i o u s  i n v e s t i g i ' t o r s  (31)(32) of com- 
p o s i t i o n  e f f e c t s ,  t h e  l i q u i d  f i l m  r e s i s t a n c e  was c o n s i d e r e d  t o  be n e g l i -  
g i b l e  and t h e  composi t ion dependence t o  be  due t o  a s s o c i a t i o n  i n  t h e  
vapor  phase .  A l l  of t h e  d a t a  were t a k e n  under c o n d i t i o n s  of  t u r b u l e n t  
vapor  f l o w  and were found t o  be amenable t o  c o r r e l a t i o n  by a  p rocedure  
based on t h e  measured f r i c t i o n  f a c t o r  i n  t h e  column. A d i r e c t  comparison 
of  t h e  d i s t i l l a t i o n  and v a p o r i z a t i o n  d a t a  showed t h e s e  p r o c e s s e s  t o  be  
analogous  when c o n s i d e r e d  from t h e  p o i n t  of v iew of  s i m p l e  f i l m  t h e o r y .  
I t  was a l s o  s u g g e s t e d  t h a t  t h e  q u a n t i t a t i v e  d i sagreement  among t h e  v a r i -  
ous  i n v e s t i g a t o r s  of d i s t i l l a t i o n  i n  w e t t e d  w a l l  columns cou ld  be  a t t r i b -  
u:ted t o  t h e  i n f l u e n c e  of end e f f e c t s .  
Yoshida (34) i n v e s t i g a t e d  d i s t i l l a t i o n  i n  t h e  r e g i o n  of t u r b u l e n t  
vapor  f l o w  i n  a  w e t t e d  w a l l  column 101 c e n t i m e t e r s  long and 2 .2  c e n t i -  
m e t e r s  i n  d i a m e t e r  under  c o n d i t i o n s  of  bo th  t o t a l  and p a r t i a l  r e f l u x .  
The sys tems s t u d i e d  were methanol-water ,  e t h a n o l - w a t e r ,  benzene- to luene ,  
and carbon t e t r a c h l o r i d e - t o l u e n e .  The d a t a  o b t a i n e d  f o r  each sys tem 
were i n  s u b s t a n t i a l  agreement w i t h  t h a t  of  p r e v i o u s  i n v e s t i g a t o r s  but  
t h e  e f f e c t  of  t h e  v a r i a t i o n  of p h y s i c a l  p r o p e r t i e s  from one sys tem t o  
a n o t h e r  was n o t  w e l l  c o r r e l a t e d  by c o n v e n t i o n a l  e m p i r i c a l  r e l a t i o n s  
such  a s  t h o s e  of  G i l l i l a n d  (18) and J o h n s t o n e  and P i g f o r d  ( 2 8 ) .  
Nikolaev (36) s t u d i e d  t h e  e f f e c t  of  l e n g t h  t o  d i a m e t e r  r a t i o  on 
d i s t i l l a t i o n  i n  w e t t e d  w a l l  columns. The columns used were  b r a s s  t u b e s  
of  8, 12, 16, and 20 m i l l i m e t e r s  i n t e r n a l  d i a m e t e r ,  w i t h  length- to-diam- 
e t e r  r a t i o s  of 278 ,  185, 132, and 111.3, r e s p e c t i v e l y .  E thano l -wa te r  
was used  f o r  t h e  t e s t  m i x t u r e .  The s t u d y  i n c l u d e d  f low r a t e s  i n  t h e  
l aminar ,  t r a n s i t i o n ,  and t u r b u l e n t  r e g i o n s  of vapor  f low.  C o r r e l a t i o n s  
were o b t a i n e d  which showed t h a t  t h e  i n f l u e n c e  of  t h e  l e n g t h - t o - d i a m e t e r  
r a t i o  depended on t h e  c h a r a c t e r  of  t h e  vapor f l o w  and was g r e a t e s t  i n  
t h e  r e g i o n s  of  l aminar  and t r a n s i t i o n a l  f low. The d a t a  a r e  p r e s e n t e d  
i n  t h e  form of two s m a l l  g raphs  and no e x p l a n a t i o n  of t h e  e f f e c t s  ob- 
s e r v e d  i s  g i v e n .  
Zuiderweg and Harmons (55) i n v e s t i g a t e d  s u r f a c e  t e n s i o n  e f f e c t s  
I n  w e t t e d  w a l l  d i s t i l l a t i o n  columns and found t h a t  t h e  s u r f a c e  t e n s i o n  
c h a r a c t e r i s t i c s  o f  t h e  l i q u i d  f i l m  cou ld  s i g n i f i c a n t l y  i n f l u e n c e  t h e  
e f f i c i e n c y .  I t  was obse rved  t h a t  t h e  l i q u i d  r e f l u x  f i l m  was s t a b l e  when 
t h e  s u r f a c e  t e n s i o n  of t h e  r e f l u x  i n c r e a s e d  down t h e  column, whereas 
w i t h  d e c r e a s i n g  s u r f a c e  t e n s i o n  t h e  r e f l u x  f i l m  t e n d e d  t o  b reak  up i n t o  
na r row r i v u l e t s  o r  d r o p l e t s .  The magnitude of  t h e  e f f e c t  depended on 
t h e  r e l a t i v e  v o l a t i l i t y  of t h e  components a s  w e l l  a s  t h e i r  s u r f a c e  t e n -  
s i o n s  a s  a p p r e c i a b l e  c o n c e n t r a t i o n  g r a d i e n t s  were r e q u i r e d  f o r  d e s t a b i -  
l i z a t i o n  of t h e  f i l m  t o  occur .  
Q u e r s h i  and Smith (56) have r e c e n t l y  o b t a i n e d  d a t a  f o r  t h e  d i s -  
t i l l a t i o n  of bo th  b i n a r y  and t e r n a r y  m i x t u r e s  i n  a  w e t t e d  w a l l  column 
134  c e n t i m e t e r s  long and 2.5 c e n t i m e t e r s  i n  d i a m e t e r .  S i x  b i n a r y  rnix- 
t u r e s ,  acetone-benzene,  chloroform-benzene,  ace tone-ch lo ro form,  hep tane-  
methyl cyclohexane,  hep tane- to luene ,  methyl cyc lohexane- to luene ,  and 
two t e r n a r y  m i x t u r e s  were i n v e s t i g a t e d .  A l l  of t h e  d a t a  were o b t a i n e d  
a t  a tmospher ic  . p r e s s u r e  a t  t o t a l  r e f l u x  and a t  t h e  same f low r a t e  
(2750 < Rev < 3800) . The b i n a r y  d a t a  showed a  composi t ion dependency 
s i m i l a r  t o  t h a t  n o t e d  i n  p r e v i o u s  s t u d i e s  (31)  ( 3 2 ) ( 3 3 )  of d i s t i l l a t i o n  
u s i n g  a l c o h o l - w a t e r  sys tems .  No e x p l a n a t i o n  of t h e  composi t ion e f f e c t  
was g iven  bu t  an e m p i r i c a l  e x p r e s s i o n  was developed which compensated 
f o r  t h e  e f f e c t  i n  bo th  t h e  b i n a r y  and t h e  t e r n a r y  sys tems .  
T r a n s i t i o n  from Laminar t o  Turbu len t  Flow 
The a c t u a l  mechanism of t h e  t r a n s i t i o n  from laminar  t o  t u r b u l e n t  
f l o w  i s  n o t  w e l l  unders tood  and even t h e  mechanism of f u l l y  developed 
t u r b u l e n t  f l o w  i s  i t s e l f  b u t  p a r t i a l l y  u n d e r s t o o d .  N e v e r t h e l e s s ,  
c e r t a i n  e x p e r i m e n t a l  f a c t s  seem c l e a r l y  e s t a b l i s h e d .  
Reynolds  (37) conduc ted  t h e  f i r s t  d e t a i l e d  e x p e r i m e n t a l  i n v e s -  
t i g a t i o n  of  t h e  phenomena o f  t h e  t r a n s i t i o n  from l a m i n a r  t o  t u r b u l e n t  
f l o w  i n  p i p e s .  I n  h i s  c l a s s i c  e x p e r i m e n t s ,  Reynolds  o b s e r v e d  t h e  be- 
h a v i o r  o f  a  dye  f i l a m e n t  i n j e c t e d  i n t o  a  t u b e  w i t h  a t r u m p e t  shaped  
e n t r y  f e d  from a  t a n k  o f  s t i l l  w a t e r .  F o r  smooth c o n d i t i o n s  o f  e n t r y  
t h e  dye  f i l a m e n t  was o b s e r v e d  t o  b r e a k  down a t  a Reynolds  number o f  
13,000. 
Knudsen (38) and G o l d s t e i n  (39) h a v e  r ev iewed  t h e  r e s u l t s  o f  
s u b s e q u e n t  i n v e s t i g a t o r s .  When c a r e  i s  t a k e n  t o  e l i m i n a t e  d i s t u r b a n c e s  
a t  t h e  e n t r y  l a m i n a r  f l o w  can be o b s e r v e d  a t  Reynolds  numbers a s  h i g h  
a s  50,000. The e x p e r i m e n t a l  e v i d e n c e  i n d i c a t e s  t h a t  t h e r e  i s  no  uppe r  
l i m i t  of  Reynolds  numbers f o r  l a m i n a r  f l o w .  f t  would a p p e a r  t h a t  i f  
d i s t u r b a n c e s  c o u l d  be r e d u c e d  t o  z e r o  l a m i n a r  f l o w  c o u l d  be  m a i n t a i n e d  
a t  any  Reynolds  number. 
I n  f a c t ,  t h i s  a s sumpt ion  i s  i m p l i c i t  i n  t h e  t h e o r y  o f  s t a b i l i t y  
e n u n c i a t e d  by S c h l i c h t  i n g  (40) . T h i s  t h e o r y  assumes t h a t  l a m i n a r  f l o w  
i s  a lways  a p o s s i b l e  mode o f  f l o w  and t h a t  t h e  t y p e  o f  f l o w  u l t i m a t e l y  
assumed i n  a  p i p e  depends  on t h e  t y p e  and magn i tude  o f  t h e  d i s t u r b a n c e s  
t o  which t h e  f l o w i n g  f l u i d  i s  s u b j e c t e d .  S c h l i c h t i n g  a l s o  s t a t e s  t h a t  
it h a s  been e s t a b l i s h e d  t h a t  t h e  Reynolds  number a t  which t r a n s i t i o n  
t a k e s  p l a c e  " , . . d e p e n d s  v e r y  s t r o n g l y  on t h e  c o n d i t i o n s  which p r e v a i l  
i n  t h e  i n i t i a l  p i p e  l e n g t h  a s  w e l l  a s  i n  t h e  approach  t o  it." 
G o l d s t e i n  (39) p o i n t s  o u t  t h a t  a l t h o u g h  t h e  e x p e r i m e n t a l  d a t a  
on f l o w  i n  p i p e s  i n d i c a t e s  t h a t  t h e  e f f e c t  o f  r o u g h n e s s  on t r a n s i t i o n  
i s  s l i g h t ,  r o u g h n e s s  can i n f l u e n c e  t h e  t r a n s i t i o n  f rom l a m i n a r  t o  t u r -  
b u l e n t  f l o w  when t h e  d i s t u r b a n c e s  due  t o  roughness  a r e  l a r g e r  t h a n  t h o s e  
due  t o  t h e  e n t r y .  
The e x p e r i m e n t a l  e v i d e n c e  r e g a r d i n g  t h e  l o w e s t  v a l u e  o f  t h e  
Reynolds  number f o r  which t u r b u l e n t  f l o w  h a s  been o b s e r v e d  seems con- 
c l u s i v e .  G o l d s t e i n  (39) s t a t e s  t h a t  t u r b u l e n t  f l o w  i n  p i p e s  canno t  o c c u r  
a t  Reynolds  numbers below abou t  2100 r e g a r d l e s s  o f  t h e  d e g r e e  o f  d i s -  
t u r b a n c e  i n t r o d u c e d  hy t h e  e n t r y .  However, t h i s  v a l u e  o f  t h e  lower  c r i t -  
i c a l  Reynolds  number a p p l i e s  o n l y  t o  t h e  d i s a p p e a r a n c e  o f  t u r b u l e n c e  a s  
d e t e r m i n e d  by f r i c t i o n  f a c t o r  measurements  i n  p i p e s .  P r e n g l e  and  R o t h f u s  
(41 )  (42) h a v e  o b s e r v e d  o t h e r  d e p a r t u r e s  from t r u e  l a m i n a r  f l o w  i n  p i p e s  
a t  Reynolds  numbers a s  low a s  850. 
Flow o f  L i q u i d  F i l m s  
The i n f l u e n c e  o f  t h e  l i q u i d  f i l m  on t h e  hydrodynamic c o n d i t i o n  
of  t h e  v a p o r  s t r e a m  i n  w e t t e d  w a l l  columns h a s  n o t  been f u l l y  a p p r e c i a t e d  
by p r e v i o u s  i n v e s t i g a t o r s .  Some (18 )  (26) (30) (31) (32 )  (34)  h a v e  i g n o r e d  
, t h i s  i n f l u e n c e .  O t h e r s  (28) (33) h a v e  a t t e m p t e d  t o  make some a l l o w a n c e s  
f o r  t h i s  e f f e c t  by b a s i n g  t h e  v a p o r ' R e y n o l d s  number on t h e  v e l o c i t y  
r e l a t i v e  t o  t h e  l i q u i d  s u r f a c e .  I n  a d d i t i o n ,  t h o s e  i n v e s t i g a t o r s  o f  
d i s t i l l a t i o n  i n  w e t t e d  w a l l  columns who have  found t h e  r e s i s t a n c e  o f  
t h e  l i q u i d  f i l m  t o  be n e g l i g i b l e  (28) (30 )  ( 3 3 )  (34) have  a t t r i b u t e d  t h i s  
o b s e r v a t i o n  t o  t h e  r i p p l i n g  phenomena a s s o c i a t e d  w i t h  t h e  f l o w  o f  f a l l i n g  
l i q u i d  f i l m s .  
The e q u a t i o n s  p e r t i n e n t  t o  t h e  f l o w  o f  a  v i s c o u s  i s o t h e r m a l  
l i q u i d  f i l m  a r e  e a s i l y  d e r i v e d  f rom a  f o r c e  b a l a n c e  on a  f l u i d  e l emen t  
a n d  a r e  a v a i l a b l e  i n  s t a n d a r d  t e x t s  (43) .  The a v e r a g e  f i l m  t h i c k n e s s ,  
m ,  i s  g i v e n  by 
a n d  t h e  r a t i o  of  s u r f a c e  v e l o c i t y  t o  a v e r a g e  v e l o c i t y  i s  
E a r l y  e x p e r i m e n t a l  d a t a  on t h e  t h i c k n e s s  of  l i q u i d  f i l m s  f l ow-  
i n g  on s l i g h t l y  i n c l i n e d  s u r f a c e s  h a v e  Seen  compared w i t h  e q u a t i o n  (1) 
by Coope r ,  Drew, a n d  McAdams (44) who c o n c l u d e d  t h a t  t h e  t h e o r e t i c a l  
r e l a t i o n  was v a l i d  up  t o  l i q u i d  Reyno lds  numbers  o f  a b o u t  2100.  
K i r k b r i d e  (45) measu red  t h e  maximum f i l m  t h i c k n e s s  on t h e  o u t s i d e  
o f  a  v e r t i c a l  t u b e  and  f o u n d  t h a t  e q u a t i o n  (1) was v a l i d  f o r  l i q u i d  
Reyno lds  numbers  u p  t o  a b o u t  8.0 b u t  t h a t  above  t h i s  v a l u e  t h e  maximum 
f i l m  t h i c k n e s s  was c o n s i d e r a b l y  g r e a t e r  t h a n  t h e  a v e r a g e  d u e  t o  t h e  
f o r m a t i o n  o f  r i p p l e s  on t h e  l i q u i d  s u r f a c e .  The l i q u i d s  s t u d i e d  c o v e r e d  
a  v i s c o s i t y  r a n g e  o f  f rom 0 . 4 5  t o  75.0 c e n t i p o i s e s .  
Ave rage  f i l m  t h i c k n e s s e s  f o r  f l o w  i n s i d e  v e r t i c a l  t u b e s  w e r e  
measu red  by F a l l a h ,  H u n t e r ,  and  Nash (46) and  were  found  t o  b e  i n  good 
ag reemen t  w i t h  e q u a t i o n  (1) u p  t o  l i q u i d  Reyno lds  numbers  o f  a b o u t  1000 
even when t h e  s u r f a c e  o f  t h e  l i q u i d  f i l m  was i n  r i p p l i n g  m o t i o n .  The 
a v e r a g e  f i l m  t h i c k n e s s  was d e t e r m i n e d  by s u d d e n l y  s t o p p i n g  t h e  f l o w  o f  
l i q u i d  i n t o  t h e  t u b e  and  t h e n  m e a s u r i n g  t h e  d r a i n a g e  f rom t h e  t u b e .  
T h i s  d r a i n a g e  t e c h n i q u e  was a l s o  used by Friedman and M i l l e r  (47) 
i n  an i n v e s t i g a t i o n  of t h e  f low of  wa te r ,  ke rosene ,  t o l u e n e ,  and a  l i g h t  
o i l  on t h e  i n s i d e  s u r f a c e  o f  v e r t i c a l  t u b e s .  T h e i r  d a t a  a l s o  showed 
good agreement wi th  e q u a t i o n  (1) up t o  a  l i q u i d  Reynolds number of 500,  
t h e  l i m i t  o f  t h e  i n v e s t i g a t i o n .  T h e i r  s t u d y  was t h e  f i r s t  t o  i n c l u d e  
measurements of  t h e  v e l o c i t y  of t h e  l i q u i d  s u r f a c e .  T h i s  was accom- 
p l i s h e d  by measuring t h e  t ime r e q u i r e d  f o r  a  d rop  o f  dye i n j e c t e d  a t  
t h e  l i q u i d  s u r f a c e  t o  t r a v e r s e  a  known d i s t a n c e .  The r a t i o  of t h e  sur- 
f a c e  v e l o c i t y  t o  t h e  average  v e l o c i t y ,  US / iL, d e p a r t e d  from t h e  
t h e o r e t i c a l  v a l u e  of  1.5 a t  a  l i q u i d  R.eynolds number of  about  25. For  
l i q u i d  Reynolds numbers from 25 t o  150, US / EL i n c r e a s e d  smoothly  
up t o  a  maximum of about  2.5. The dye i n j e c t i o n  t e c h n i q u e  f a i l e d  a t  
Reynolds numbers above 150. The f i r s t  d e p a r t u r e  of t h e  U, / i, r a t i o  
from t h e  t h e o r e t i c a l  v a l u e  was obse rved  t o  be c o i n c i d e n t  wi th  t h e  f i r s t  
appearance  o f  waves on t h e  l i q u i d  s u r f a c e ,  I t  was p o s t u l a t e d  t h a t  t h e  
i n c r e a s e  i n  s u r f a c e  v e l o c i t y  was due t o  t h e  fo rmat ion  of waves and t h a t  
t h e  s u r f a c e  v e l o c i t y  measured i n  t h e  exper iments  was t h e  v e l o c i t y  of  
t h e  wave c r e s t s .  
Gr imley (45) made a  d e t a i l e d  s t u d y  of t h e  f low of  l i q u i d  f i l m s  
on v e r t i c a l  s u r f a c e s  which i n c l u d e s  photographs  of  t h e  l i q u i d  s u r f a c e  
d u r i n g  r i p p l i n g .  He g i v e s  an e x c e l l e n t  d e s c r i p t i o n  of t h e  phenomena: 
A t  h i g h  f low r a t e s  t h e  l a y e r  i s  t h i c k ,  t h e  f l o w  t u r b u l e n t ,  
and t h e  exposed s u r f a c e  shows t h e  a g i t a t i o n  a s s o c i a t e d  w i t h  
t u r b u l e n t  f low. As t h e  r a t e  of f low i s  r educed  t h e  f i l m  be- 
comes t h i n n e r  and t h e  a g i t a t i o n  s o  reduced  a s  t o  b e  h a r d l y  
v i s i b l e .  A t  s t i l l  lower  f l o w  r a t e s  a  new s u r f a c e  d i s t u r b a n c e  
a p p e a r s ,  t h i s  t i m e  i n  t h e  form of a  r e g u l a r  wave motion con- 
s i s t i n g  of groups  of waves which pass  down t h e  l i q u i d  s u r f a c e  
i n  t h e  d i r e c t i o n  of f low.  As t h e  f low i s  f u r t h e r  reduced t h i s  wave 
motion d i s a p p e a r s  and t h e  l i q u i d  s u r f a c e  i s  once more u n d i s t u r b e d .  
F i n a l l y  a s  a  f u r t h e r  r e d u c t i o n  i s  made t h e  f i l m  becomes s o  t h i n  
t h a t  i t  b reaks  i n t o  a  s e r i e s  of d i s c ~ n n e c t e d  s t r eams .  
Gr imley ' s  measurements of s u r f a c e  v e l o c i t y  conf i rmed t h e  p r e v i o u s  
o b s e r v a t i o n  (47)  t h a t  d e p a r t u r e  from t h e  t h e o r e t i c a l  US / FL r a t i o  i s  
c o i n c i d e n t  wi th  t h e  fo rmat ion  of waves. Grimley a l s o  observed t h a t  t h ~  
r i p p l e  r a n g e  v a r i e d  w i t h  t h e  p r o p e r t i e s  o f  t h e  l i q u i d  s t u d i e d .  F o r  
w a t e r  a t  room t e m p e r a t u r e ,  r i p p l e s  p e r s i s t e d  o v e r  a  r ange  of  Reynolds 
numbers of  from 25 t o  about  1000. I t  was a l s o  n o t e d  t h a t  r i p p l e s  cou ld  
be s u p p r e s s e d  by t h e  a d d i t i o n  of s u r f a c e - a c t i v e  a g e n t s .  
J a c k s o n ,  Johnson,  and C e a g l s k i  (49) i n v e s t i g a t e d  t h e  c o u n t e r -  
c u r r e n t  f l o w  of  a i r  and w a t e r - g l y c e r o l  s o l u t i o n s  i n  a  w e t t e d  w a l l  c o l -  
umn. The s t u d y  covered  a  l i q u i d  v i s c o s i t y  r a n g e  o f  0.55 t o  2.8 c e n t i -  
p o i s e s .  The l i q u i d  s u r f a c e  v e l o c i t y  was c a l c u l a t e d  from measurements 
of  t h e  p r e s s u r e  d rop  of t h e  a i r  s t r e a m  and was i n  good agdeement wi th  
t h e  d a t a  of p r e v i o u s  i n v e s t i g a t o r s  ( 4 7 )  (48) . The US / cL r a t i o  be- 
gan t o  i n c r e a s e  above t h e  t h e o r e t i c a l  v a l u e  of  1.5 a t  a  l i q u i d  Reynolds 
number o f  abou t  25, bu t  t h e  i n c r e a s e  c o n t i n u e d  o n l y  up t o  a l i q u i d  Reyn- 
o l d s  number of  about  80 a t  which p o i n t  t h e  r a t i o  had a t t a i n e d  a  v a l u e  
of 2.0. The US / EL r a t i o  remained c o n s t a n t  a t  2.0 a s  t h e  l i q u i d  r a t e  
was f u r t h e r  i n c r e a s e d  up t o  a  Reynolds number of 2000 which was t h e  upper  
l i m i t  of t h e  i n v e s t i g a t i o n .  In agreement wi th  t h e  p r e v i o u s  i n v e s t i g a t o r s  
(47) (48), wave fo rmat ion  was obse rved  t o  be c o i n c i d e n t  wi th  t h e  d e p a r t u r e  
of  t h e  5 / r a t i o  from t h e  t h e o r e t i c a l  v a l u e .  I t  was concluded t h a t  
t h e  d rag  e f f e c t  o f  t h e  a i r  s t r e a m  was n e g l i g i b l e  f o r  t h e  range  of  a i r  
v e l o c i t i e s  employed (8000 < < 13,000). 
Dukl-er  and  B e r g e l i n  ( 5 0 )  o b t a i n e d  q u a n t i t a t i v e  d a t a  on t h e  wave 
p r o f i l e  f o r  t h e  f l o w  of  w a t e r  down a  v e r t i c a l  p l a t e  by m e a s u r i n g  t h e  
e l e c t r i c a l  c a p a c i t a n c e  o f  t h e  a i r  g a p  between t h e  l i q u i d  f i l m  and  a  
c a p a c i t o m e t e r  mounted a t  a known d i s t a n c e  f rom t h e  f l o w  p l a t e .  A t  low 
r a t e s  t h e  waves were  w i d e l y  s p a c e d  and  a p p e a r e d  t o  b e  q u i t e  r e g u l a r  i n  
n a t u r e .  A s  t h e  f l o w  r a t e  was i n c r e a s e d  a  g r e a t e r  f r e q u e n c y  o f  l a r g e  
waves was o b s e r v e d  w i t h  t h e  i n d i v i d u a l  waves no  l o n g e r  b e i n g  s i m p l e  i n  
form. Measurements  o f  t h e  a v e r a g e  f i l m  t h i c k n e s s  were  i n  good a g r e e -  
ment w i t h  e q u a t i o n  (1) up  t o  l i q u i d  Reyno lds  numbers o f  abou t  1000. 
A method o f  f i l m  t h i c k n e s s  measurement  employing  r a d i o a c t i v e  
t r a c e r s  h a s  r e c e n t l y  been r e p o r t e d  by J a c k s o n  (51) .  A G e i g e r - M u e l l e r  
i n s t r u m e n t  p o s i t i o n e d  i n  t h e  c e n t e r  o f  a  w e t t e d  w a l l  column was u s e d  t o  
r e g i s t e r  t h e  r a d i o a c t i v i t y  o f  an i s o t o p e  d i s s o l v e d  i n  t h e  f i l m  l i q u i d .  
S i n c e  t h e  o b s e r v e d  a c t i v i t y  depended on t h e  f i l m  t h i c k n e s s  an a p p r o -  
p r i a t e  c a l i b r a t i o n  s e r v e d  t o  r e l a t e  t h e  two q u a n t i t i e s .  T h i s  t e c h n i q u e  
was u s e d  t o  d e t e r m i n e  f i l m  t h i c k n e s s e s  f o r  a  s e r i e s  o f  l i q u i d s  c o v e r i n g  
a v i s c o s i t y  r a n g e  o f  0 . 5  t o  20 c e n t i p o i s e s .  F o r  l i q u i d s  o f  v i s c o s i t y  
e q u a l  t o  o r  l e s s  t h a n  t h a t  of  w a t e r  t h e  o b s e r v e d  f i l m  t h i c k n e s s e s  were  
i n  good ag reemen t  w i t h  e q u a t i o n  (1) r e g a r d . l e s s  of  w h e t h e r  o r  n o t  r i p p l e s  
were  p r e s e n t .  F o r  l i q u i d s  o f  v i s c o s i t y  g r e a t e r  t h a n  t h a t  o f  w a t e r  t h e  
o b s e r v e d  f i l m  t h i c k n e s s  d e p a r t e d  f rom t h e  v a l u e  f o r  t r u e  v i s c o u s  f l o w  
a t  t h e  p o i n t  o f  wave i n c e p t i o n  and  was l e s s  t h a n  e q u a t i o n  ( I )  would 
p r e d i c t  . 
J a c k s o n  u s e d  f l o w  r a t e s  c o v e r i n g  a  r a n g e  o f  l i q u i d  Reyno lds  
numbers o f  f rom 4000 t o  5000 a l t h o u g h  t h i s  r a n g e  was n o t  o b t a i n e d  w i t h  
e a c h  l i q u i d .  The i n i t i a l  f o r m a t i o n  of  waves was s h a r p l y  d e f i n e d  a s  t h e  
a p p e a r a n c e  o r  d i s a p p e a r a n c e  o f  t h e  waves c o u l d  be e f f e c t e d  by o n l y  a 
s m a l l  change  i n  t h e  f l o w  r a t e .  A t  i n c e p t i o n  t h e  waves a p p e a r e d  o v e r  t h e  
e n t i r e  column e x c e p t  f o r  a  v e r y  s h o r t  d i s t a n c e  a t  t h e  t o p .  The s p a c i n g  
between t h e  waves a t  i n c e p t i o n  was e s t i m a t e d  t o  be 1.25 t o  1.50 i n c h e s  
and  was o b s e r v e d  t o  d e c r e a s e  r a p i d l y  a s  t h e  f l o w  r a t e  was i n c r e a s e d  u n t i l  
a  c o n d i t i o n  was r e a c h e d  where i n d i v i d u a l  waves c o u l d  no  l o n g e r  be f o l -  
lowed v i s u a l l y .  
I n  c o n t r a s t  t o  t h e  o b s e r v a t i o n s  of  Gr imley  (48),  J a c k s o n  found 
t h a t  t h e  s u r f a c e  t e n s i o n  was n o t  a  s i g n i f i c a n t  f a c t o r  i n  e i t h e r  wave i n -  
c e p t i o n  o r  f l o w  p a t t e r n  when waves were  p r e s e n t .  However, i t  s h o u l d  be  
men t ioned  t h a t  s t u d i e s  have  been made (52) which i n d i c a t e  t h a t  an optimum 
c o n c e n t r a t i o n  o f  s u r f a c e - a c t i v e  a g e n t  e x i s t s  f o r  t h e  s u p p r e s s i o n  o f  r i p -  
p l  i n g  . 
I n  a c c o r d a n c e  w i t h  t h e  c l a s s i c a l  t r e a t m e n t  (53)  o f  f l o w s  i n v o l v i n g  
f r e e  s u r f a c e s  where  o n l y  g r a v i t y  e f f e c t s  a r e  i m p o r t a n t ,  J a c k s o n  found 
t h a t  a F roude  number o f  u n i t y  r e p r e s e n t e d  t h e  c r i t i c a l  p o i n t  f o r  t h e  
a p p e a r a n c e  o f  waves i n  f i l m  f low.  F o r  t h i s  a p p l i c a t i o n  t h e  F roude  num- 
b e r  was e x p r e s s e d  a s  
which  g a v e  a  wave p o i n t  Reynolds  number o f  1 2  c o r r e s p o n d i n g  t o  a  F roude  
number of  u n i t y .  However, J a c k s o n  p o i n t s  o u t  t h a t  t a k i n g  t h e  f i r s t  de-  
p a r t u r e  o f  t h e  US / iL r a t i o  f rom t h e  t h e o r e t i c a l  a s  c o r r e s p o n d i n g  t o  
t h e  i n c e p t i o n  o f  waves g a v e  a  c r i t i c a l  F roude  number o f  1.3 and t h a t  
t h i s  would c o r r e s p o n d  t o  a  c r i t i c a l  Reynolds  number o f  a b o u t  20. The 
o b s e r v e d  b e h a v i o r  of  t h e  US / cL r a t i o  was i n  s u b s t a n t i a l  agreement  
w i t h  p r e v i o u s  i n v e s t i g a t o r s  (47) (48 )  (49 )  e x c e p t  t h a t  i n s t e a d  o f  remain-  
i n g  c o n s t a n t  f o r  l i q u i d  Reynolds  numbers g r e a t e r  t h a n  80 a s  had  been 
p r e v i o u s l y  n o t e d  ( 4 9 ) ,  t h e  r a t i o  d e c r e a s e d  s l i g h t l y  a s  t h e  Reynolds  num- 
b e r  i n c r e a s e d  from 80 t o  2000. 
Thomas and P o r t a l s k i  (54) have  r e c e n t l y  i n v e s t i g a t e d  t h e  c o u n t e r -  
c u r r e n t  f l o w  o f  w a t e r  and  a i r  i n  a  w e t t e d  w a l l  column. A i r  r a t e s  cove r -  
i n g  a  r a n g e  o f  v a p o r  Reynolds  numbers o f  f rom 9 3 3  t o  2000 and w a t e r  r a t e s  
c o r r e s p o n d i n g  t o  l i q u i d  Reynolds  numbers o f  f rom 350 t o  1800 were  s t u d i e d .  
The d a t a  i n d i c a t e d  t h a t  f o r  t h e  r a n g e  o f  a i r  v e l o c i t i e s  employed t h e  
e f f e c t  o f  t h e  a i r  s t r e a m  on t h e  l i q u i d  f l o w  was n e g l i g i b l e .  On t h e  o t h e r  
hand,  t h e  p r e s s u r e  d r o p  i n  t h e  g a s  p h a s e  was found t o  be  h i g h e r  f o r  f l o w  
p a s t  t h e  c o u n t e r c u r r e n t  l i q u i d  f i l m  t h a n  f o r  f l ow p a s t  t h e  j u s t  w e t t e d  
column w a l l .  T h i s  was a t t r i b u t e d  t o  t h e  i n f l u e n c e  o f  form d r a g  a t  t h e  
r i p p l i n g  l i q u i d  s u r f a c e ;  however,  t h e  t r a n s i t i o n  from l a m i n a r  t o  t u r b u -  
l e n t  f l o w  i n  t h e  g a s  phase  was d e f i n e d  by t h e  same v a l u e s  o f  t h e  g a s  
v e l o c i t y  r e g a r d l e s s  of  t h e  l i q u i d  r a t e .  
Summary o f  t h e  L i t e r a t u r e  
D e s p i t e  n u m e r o u s  i n v e s t i g a t i o n s  o f  t h e  e f f e c t  o f  r e d u c e d  p r e s s u r e  
on d i s t i l l a t i o n  i n  packed columns t h e r e  e x i s t s  no  t h e o r y ,  q u a l i t a t i v e  o r  
q u a n t i t a t i v e ,  which w i l l  s a t i s f a c t o r i l y  e x p l a i n  a l l  o f  t h e  o b s e r v e d  d a t a .  
A l though  s e v e r a l  fundamen ta l  s t u d i e s  o f  d i s t i l l a t i o n  i n  w e t t e d  w a l l  c o l -  
umns have  been made a t  a t m o s p h e r i c  p r e s s u r e ,  t h e  e f f e c t  o f  r e d u c e d  
p r e s s u r e  on d i s t i l l a t i o n  i n  w e t t e d  w a l l  columns h a s  n o t  been i n v e s t i g a t e d .  
I n  a d d i t i o n ,  t h e r e  i s  o n l y  one  r e p o r t  i n  t h e  l i t e r a t u r e  o f  a  d i s t i l l a t i o n  
s t u d y  which i n c l u d e s  d a t a  i n  a l l  t h r e e  r e g i o n s  o f  v a p o r  f low,  l a m i n a r ,  
t r a n s i t i o n a l ,  and t u r b u l e n t .  
The e x p e r i m e n t a l  e v i d e n c e  a v a i l a b l e  i n  t h e  l i t e r a t u r e  r e g a r d i n g  
t h e  t r a n s i t i o n  from l a m i n a r  t o  t u r b u l e n t  f l o w  , i n  p i p e s  may be  summarized 
a s  f o l l o w s :  
(1) I n  t h e  a b s e n c e  o f  t u r b u l e n c e  a t  t h e  e n t r a n c e ,  t h e r e  a p p e a r s  
t o  be  n e i t h e r  e x p e r i m e n t a l  e v i d e n c e  o f ,  n o r  t h e o r e t i c a l  r e a s o n  f o r ,  an 
uppe r  l i m i t i n g  Reynolds  number f o r  l a m i n a r  f l o w .  
( 2 )  The Reynolds  number a t  which t r a n s i t i o n  t a k e s  p l a c e  i s  
s t r o n g l y  i n f l u e n c e d  by t h e  e n t r y  c o n d i t i o n s .  
( 3 )  Roughnesses  o f  t h e  o r d e r  o f  magn i tude  o f  t h o s e  e n c o u n t e r e d  
i n  o r d i n a r y  p i p i n g  a r r a n g e m e n t s  h a v e  l i t t l e  i n f l u e n c e  on t h e  t r a n s i t i o n  
p o i n t  a l t h o u g h  such  an i n f l u e n c e  i s  p o s s i b l e  f o r  r e l a t i v e l y  u n d i s t u r b e d  
e n t r i e s .  
(4) D e p a r t u r e s  from t r u e  l a m i n a r  mot ion  o c c u r  a t  Reynolds  numbers 
a s  low a s  850.  
Those  a s p e c t s  o f  t h e  a v a i l a b l e  s t u d i e s  o f  t h e  hydrodynamics  o f  
w e t t e d  w a l l  columns which a r e  e s s e n t i a l  t o  t h e  p r o p e r  i n t e r p r e t a t i o n  
and e x p l a n a t i o n  o f  t h e  d a t a  o b t a i n e d  i n  t h i s  i n v e s t i g a t i o n  may be  sum- 
m a r i z e d  a s  f o l l o w s : ,  
( 1 )  F o r  l i q u i d s  h a v i n g  v i s c o s i t i e s  l e s s  t h a n  t h a t  o f  w a t e r  
r i p p l i n g  can be  e x p e c t e d  t o  b e g i n  a t  a  Reynolds  number between 8 
and 25. 
(2) The e f f e c t  of  s u r f a c e  t e n s i o n  on r i p p l i n g  is  u n r e s o l v e d  
a l t h o u g h  a s  r e g a r d s  s u r f a c e - a c t i v e  a g e n t s  t h e r e  i s  a v i d e n c e  t h a t  an 
optimum c o n c e n t r a t i o n  e x i s t s  f o r  t h e  s u p p r e s s i o n  of r i p p l i n g .  
( 3 )  For  Reynolds numbers up t o  about  2000 t h e  t h e o r e t i c a l  equa- 
x ion  f o r  t h e  l i q u i d  f i l m  t h i c k n e s s  can be expec ted  t o  h o l d  even when 
r i p p l i n g  i s  p r e s e n t .  
(4) The e f f e c t  of a i r  v e l o c i t i e s  co r respond ing  t o  vapor  Reynolds 
numbers of  up t o  13,000 on t h e  l i q u i d  f i l m  i s  n e g l i g i b l e .  
( 5 )  As t h e  l i q u i d  Reynolds number i s  i n c r e a s e d  p a s t  t h e  p o i n t  of  
r i p p l e  i n c e p t i o n  t h e  r i p p l e s  become more c l o s e l y  spaced  and e v e n t u a l l y  
d i s a p p e a r  a l t h o u g h  t h e  l i q u i d  f i l m  remains  i n  a  h i g h l y  t u r b u l e n t  s t a t e .  
(6)  The r a t i o  US / EL d e v i a t e s  from t h e  t h e o r e t i c a l  v a l u e  of  
1.5 a t  t h e  i n c e p t i o n  of r i p p l i n g  and a s  t h e  l i q u i d  Reynolds number i s  
i n c r e a s e d  up t o  about  80 t h e  r a t i o  i n c r e a s e s  t o  a  v a l u e  of 2.0. That 
t h e  US / cL r a t i o  remains  e s s e n t i a l l y  c o n s t a n t  f o r  8 0  < ReL < 2000 
h a s  n o t  been e x p l a i n e d  but  it i s  l i k e l y  t h a t  this i n d i c a t e s  t h e  a t t a i n -  
ment of  a  s t a b l e  s u r f a c e  c o n f i g u r a t i o n  which remains  l a r g e l y  unchanged 
o v e r  t h i s  r a n g e  o f  Reynolds numbers. 
( 7 )  R i p p l i n g  enhances  t h e  d r a g  e x p e r i e n c e d  by t h e  c o u n t e r c u r r e n t  
vapor  s t r e a m .  
(8)  For  l i q u i d  Reynolds numbers g r e a t e r  than  350 i n c r e a s e d  
l i q u i d  r a t e  h a s  no e f f e c t  on t h e  t r a n s i t i o n  range  of  a  c o u n t e r c u r r e n t  
vapor  s t r eam.  
(9) No s a t i s f a c t o r y  e x p l a n a t i o n  of t h e  r i p p l i n g  phenomena h a s  
been p r e s e n t e d  i n  t h e  l i t e r a t u r e .  
Scope  
T h i s  i n v e s t i g a t i o n  c o v e r s  a  s t u d y  of t h e  e f f e c t  o f  r e d u c e d  p r e s -  
sure on d i s t i l l a t i o n  e f f i c i e n c y  i n  a  w e t t e d  w a l l  column o p e r a t i n g  a t  
t o t a l  r e f l u x .  The s t u d y  i n c l u d e s  e f f i c i e n c y  d e t e r m i n a t i o n s  a t  f o u r  
p r e s s u r e s  u s i n g  a  chlorobenzene-ethylbenzene t e s t  m i x t u r e  and  a t  b o i l -  
up  r a t e s  p r o v i d i n g  l a m i n a r ,  t r a n s i t i o n a l ,  and t u r b u l e n t  v a p o r  f l o w .  
CHAPTER I1 
DISTILLATION THEORY 
I n t r o d u c t i o n  
I n  b r o a d e s t  t e r m s  d i s t i l l a t i o n  i s  a  p r o c e s s  o f  s e p a r a t i o n  b a s e d  
on t h e  e x p e r i m e n t a l  f a c t  t h a t  t h e  c o m p o s i t i o n  o f  t h e  v a p o r  p roduced  by 
p a r t i a l l y  v a p o r i z i n g  a  m i x t u r e  o f  two m i s c i b l e  l i q u i d s  i s  i n  g e n e r a l  
d i f f e r e n t  f rom t h a t  o f  t h e  o r i g i n a l  l i q u i d .  When s u c h  a m i x t u r e  i s  p a r -  
t i a l l y  v a p o r i z e d  t h e  r e s u l t i n g  v a p o r  i s  r i c h e r  i n  t h e  more v o l a t i l e  com- 
ponen t  and  t h e  r e m a i n i n g  l i q u i d  i s  p r o p o r t i o n a t e l y  p o o r e r  i n  t h e  more 
v o l a t i l e  component ,  
D i s t i l l a t i o n  columns may employ e i t h e r  s t a g e w i s e  o r  c o n t i n u o u s  
c o n t a c t i r ~ g  o f  t h e  v a p o r  and  l i q u i d  p h a s e s .  I n  p l a t e - t y p e  columns con- 
t a c t i n g  i s  s t a g e w i s e  w h i l e  i n  packed  and  w e t t e d  w a l l  columns c o n t a c t i n g  
i s  c o n t i n u o u s .  
The t h e o r y  o f  p l a t e - t y p e  columns u t i l i z e s  t h e  c o n c e p t  o f  t h e  
t h e o r e t i c a l  p l a t e ,  A t h e o r e t i c a l  p l a t e  i s  d e f i n e d  a s  a  c o n t a c t i n g  d e -  
v i c e  on which  e q u i l i b r i u m  between t h e  v a p o r  and  l i q u i d  p h a s e s  i s  achieved. 
L i q u i d  and  v a p o r  e n t e r  t h e  p l a t e  and  exchange  mass and  e n e r g y  t o  a t t a i n  
p h y s i c a l  and  t h e r m a l  e q u i l i b r i u m ,  r e s u l t i n g  i n  e n r i c h m e n t  o f  t h e  v a p o r  
l e a v i n g  and  d e p l e t i o n  of  t h e  l i q u i d  l e a v i n g .  F o r  a  column o p e r a t i n g  a t  
t o t a l  r e f l u x  t h e  a p p l i c a t i o n  o f  t h e  t h e o r y  i s  p a r t i c u l a r l y  s i m p l e  s i n c e  
t h e  c o m p o s i t i o n s  o f  t h e  v a p o r  and l i q u i d  s t r e a m s  p a s s i n g  e a c h  o t h e r  be-  
tween  p l z i t e s  a r e  e q u a l ;  i . e . ,  Y - Xn " 
n - 1  
Cons ide r  a t h e o r e t i c a l  p l a t e  i n  a  column o p e r a t i n g  a t  t o t a l  
r e f l u x .  If t h e  v a p o r - l i q u i d  e q u i l i b r i u m  of t h e  m i x t u r e  be ing  d i s t i l l e d  
f o l l o w s  t h e  r e l a t i v e  v o l a t i l i t y  r e l a t i o n  
t h e n  t h e  r e l a t i o n  between t h e  composi t ion of  t h e  vapor  l e a v i n g  t h e  s t i l l  
and t h e  l i q u i d  i n  t h e  s t i l l  i s  
The r e l a t i o n  between t h e  compos i t ions  of  t h e  vapor  and l i q u i d  l e a v i n g  
t h e  f i r s t  t h e o r e t i c a l  p l a t e  i s  
S i m i l a r l y ,  t h e  composi t ion of t h e  vapor  l e a v i n g  t h e  n th  t h e o r e t i c a l  p l a t e  
i s  r e l a t e d  t o  t h e  composi t ion of t h e  l i q u i d  i n  t h e  s t i l l  by 
form 
Equa t ion  ( 7 )  i s  t h e  Fenske (57) e q u a t i o n ,  When w r i t t e n  i n  t h e  
t h e  e q u a t i o n  g i v e s  t h e  number o f  t h e o r e t i c a l  p l a t e s  r e q u i r e d  t o  a c h i e v e  
a  vapor  from t h e  nth t h e o r e t i c a l  p l a t e  hav ing  a  composit  ion  Yn from a  
c t  i! 1 cornposit ion  Xs " 
A complete  d i s c u s s i o n  of t h e  t h e o r y  of  p l a t e  t y p e  columns i s  n o t  
p e r t i n e n t  t o  t h i s  i n v e s t i g a t i o n .  G e n e r a l  t r e a t m e n t s  o f  t h e  t h e o r y  of  
p l a t e  columns a r e  a v a i l a b l e  i n  s t a n d a r d  t e x t s  on d i s t i l l a t i o n  ( 5 8 )  (59) .  
Molecular  D i f f u s i o n  
G e n e r a l  
The t h e o r y  01 lnolecular  d i f f u s i o l ~  i n  g a s e s  and l i q u i d s  i s  e s sen-  
t i a l  t o  t h e  development of t h e  t h e o r y  of  d i s t i l l a t i o n  in  w e t t e d  w a l l  
columns. M e c h a n i s t i c a l l y ,  molecu la r  d i f f u s i o n  i s  t h e  t r a n s f e r  of a 
s u b s t a n c e  r e s u l t i n g  from random molecu la r  motion.  When a  c o n c e n t r a t i o n  
d i f f e r e n c e  e x i s t s  t h i s  random motion of  t h e  molecu les  r e s u l t s  i n  a  n e t  
t r a n s f e r  of  t h e  d i f f u s i n g  s u b s t a n c e  from t h e  r e g i o n  of h i g h  concen t ra -  
t i o n  t o  t h e  r e g i o n  of low c o n c e n t r a t i o n .  
The fundamental  d i f f e r e n t i a l  e q u a t i o n s  f o r  d i f f u s i o n  of g a s e s  
were f i r s t  d e r i v e d  by Maxwell ( 6 0 )  . They were l a t e r  reexamined a l o n g  
somewhat d i f f e r e n t  l i n e s  by S t e f a n  (61) who a l s o  a p p l i e d  t h e  d i f f u s i o n  
laws t o  l i q u i d  m i x t u r e s .  The f o l l o w i n g  e x p o s i t i o n  of t h e  t h e o r y  f o l l o w s  
t h e  s i m p l i f i e d  d e r i v a t i o n  g iven  by Lewis and Chang ( 6 1 ) .  
Cons ide r  a  s i n g l e  molecu le  of  one component, A ,  d i f f u s i n g  
u n i d i r e c t i o n a l l y  t h r o u g h  a b i n a r y  g a s  m i x t u r e  o f  A and B. E x p e r i -  
menta l  ev idence  i n d i c a t e s  t h a t  t h e  r e s i s t a n c e  t o  t r a n s f e r  by d i f f u s i o n  
i s  p r o p o r t i o n a l  t o  t h e  r e l a t i v e  v e l o c i t y  of t h e  d i f f u s i n g  component 
r e l a t i v e  t o  t h e  i n t e r f e r i n g  one and t o  t h e  l e n g t h  o f  t h e  d i f f u s i o n  p a t h .  
I n  a d d i t i o n ,  t h e  r e s i s t a n c e  s h o u l d  be p r o p o r t i o n a l  t o  t h e  number o f  
m o l e c u l e s  o f  B which b l o c k  t h e  p a t h ,  a  number which i n  t u r n  i s  p r o -  
p o r t i o n a l  t o  t h e  c o n c e n t r a t i o n  of  B .  The t o t a l  r e s i s t a n c e  t o  d i f f u s i o n  
o f  component A w i l l  e q u a l  t h e  r e s i s t a n c e  e n c o u n t e r e d  by a  s i n g l e  mole- 
c u l e  o f  A t i m e s  t h e  t o t a l  number o f  m o l e c u l e s  o f  A .  But t h e  t o t a l  
number o f  m o l e c u l e s  o f  A i s  p r o p o r t i o n a l  t o  t h e  c o n c e n t r a t i o n  o f  A .  
Hence, t h e  t o t a l  r e s i s t a n c e  t o  d i f f u s i o n  of  A is  g i v e n  by t h e  e x p r e s -  
s i o n  
I f  it i s  assumed t h a t  t h e  i n f l u e n c e  o f  any  e x t e r n a l  f o r c e  a c t i n g  
upon A i s  n e g l i g i b l e  and  t h a t  t h e  a c c e l e r a t i o n  of  A i s  s m a l l ,  t h e  
r e s i s t a n c e  g i v e n  by e q u a t i o n  (9)  must  be overcome by an e q u i v a l e n t  
change  i n  t h e  c o n c e n t r a t i o n  of  A i f  d i f f u s i o n  i s  t o  o c c u r .  Thus 
T h i s  i s  t h e  fundamen ta l  e q u a t i o n  f o r  t h e  d i f f u s i o n  of  g a s e s .  
E q u a t i o n  ( 1 0 )  i s  more c o n v e n i e n t l y  e x p r e s s e d  i n  t e r m s  o f  t h e  
mola r  f l u x e s  o f  A and B. Making u s e  o f  t h e  f a c t  t h a t  CA = YA CV 
and C  = Y C  e q u a t i o n  (10) may be e x p r e s s e d  a s  
B B V  
- dYA = p (C U Y - CB UB yA) dx 
A A B  
By d e f i n i t i o n ,  NA = C  U and NB = CB UB. T h e r e f o r e ,  A A 
B u t  i n  a  b i n a r y  s o l u t i o n  YB = 1 - YA; consequen t ly  
- dyA = P C N ~  - ( N ~  + N ~ )  yBl dx 
If t h e  d i f f u s i o n  c o e f f i c i e n t  i s  d e f i n e d  a s  DV = 1 / ~  CV, then  
and s o l v i n g  f o r  NA y i e l d s  
Equa t ion  (15) i s  one of  t h e  many forms of F i c k ' s  F i r s t  Law of 
D i f f u s i o n  and may be  t a k e n  a s  t h e  d e f i n i t i o n  of t h e  d i f f u s i o n  c o e f f i -  
c i e n t  i n  a  b i n a r y  sys tem.  The f i r s t  t e r m  of e q u a t i o n  (15) i s  t h e  f l u x  
of  A due  t o  molecu la r  d i f f u s i o n  and t h e  second t e r m  i s  t h e  f l u x  of 
A due t o  t h e  bulk  motion of t h e  f l u i d  i n  t h e  x - d i r e c t i o n .  
The d e r i v a t i o n  of e x p r e s s i o n s  f o r  t h e  molar f l u x e s  i n  t h r e e -  
d imens iona l  sys tems i s  accomplished by arguments ana logous  t o  t h o s e  
u t i l i z e d  i n  t h e  development of  e q u a t i o n  (15) and l e a d s  t o  t h e  fo l low-  
i n g  e x p r e s s i o n s  f o r  t h e  f l u x e s  i n  r e c t a n g u l a r  c o o r d i n a t e s :  
E q u a t i o n s  (16 )  t h r o u g h  (18 )  when combined w i t h  a  m a t e r i a l  b a l a n c e  
on t h e  d i f f u s i n g  s u b s t a n c e  form t h e  b a s i s  f o r  t h e  e x a c t  s o l u t i o n  t o  d i f -  
f u s i o n  p rob lems  i n  s t a g n a n t  s y s t e m s  and  s y s t e m s  i n  l a m i n a r  f l o w .  
A m a t e r i a l  b a l a n c e  on component A i s  d e r i v e d  by an a p p l i c a t i o n  
o f  t h e  l a w  o f  c o n s e r v a t i o n  o f  m a t t e r  t o  a d i f f e r e n t i a l  e l e m e n t  o f  volume 
i n  ( X , ~ , Z )  s p a c e .  A t  s t e a d y  s t a t e  t h e  a c c u m u l a t i o n  o f  component A i r  
z e r o .  Hence t h e  sum of  t h e  f l u x e s  e n t e r i n g  t h e  e l emen t  must  e q u a l  t h e  
sum o f  t h e  f l u x e s  l e a v i n g  t h e  e l e m e n t .  E q u a t i n g  t h e  e n t e r i n g  and  l e a v i n g  
f l u x e s  l e a d s  t o  
which  i s  t h e  c o n t i n u i t y  e q u a t i o n  f o r  component A i n  a  b i n a r y  m i x t u r e .  
S u b s t i t u t i o n  of  t h e  f l u x  e x p r e s s i o n s ,  e q u a t i o n  (16 )  t h r o u g h  ( 1 8 ) ,  
i n t o  t h e  c o n t i n u i t y  e q u a t i o n  assuming c o n s t a n t  f l u i d  p r o p e r t i e s  and  n o t -  
i n g  t h a t  (NAx t NBx) = C V U x'  [ N  At!  + N By ) = Cv Uy,  and  (NAz + Ng,) = 
C~ uz y i e l d s  
The e q u i v a l e ~ t  o f  e q u a t i o n  (20) i n  r i g h t  c i r c u l a r  c y l i n d r i c a l  
c o o r d i n a t e s  i s  
E q u a t i o n s  ( 2 0 )  and  ( 2 1 )  a r e  v a l i d  f o r  s t e a d y  s t a t e  d i f f u s i o n  i n  
s t a g n a n t  b i n a r y  sys t ems  o r  b i n a r y  sys t ems  i n  l a m i n a r  motion when t h e  
f l u i d  p r o p e r t i e s  o f  t h e  m i x t u r e  a r e  assumed c o n s t a n t .  
S o l u t i o n s  o f  e q u a t i o n s  (20)  and ( 2 1 )  have  been o b t a i n e d  f o r  t h e  
c a s e  o f  t h e  e v a p o r a t i o n  of  a  p u r e  l i q u i d  i n t o  a  l a m i n a r  v a p o r  s t r e a m  and 
t h e  a b s o r p t i o n  o f  a  s o l u t e  g a s  by a  l a m i n a r  l i q u i d  f i l m .  Sherwood and 
P i g f o r d  (62) r e v i e w  t h e s e  s o l u t i o n s  and compare them w i t h  e x p e r i m e n t a l  
d a t a .  These  a u t h o r s  p o i n t  o u t  t h a ' t  i n  t h e  c a s e  o f  t h e  e v a p o r a t i o n  o f  
a p u r e  l i q u i d  i n t o  a  l a m i n a r  a i r  s t r e a m  t h e  t h e o r e t i c a l  and e x p e r i m e n t a l  
d a t a  a r e  b r o u g h t  i n t o  agreement  by a l l o w i n g  f o r  t h e  e f f e c t  o f  d e n s i t y  
g r a d i e n t s  on t h e  v e l o c i t y  p r o f i l e  o f  t h e  a i r  s t r e a m .  
P i g f o r d  (28) h a s  o b t a i n e d  a  s o l u t i o n  t o  e q u a t i o n  ( 2 1 )  f o r  t h e  
a b s o r p t i o n  of  a  s o l u t e  g a s  by a  l a m i n a r  l i q u i d  f i l m .  D i s c r e p a n c i e s  be- 
tween t h e o r y  and expe r imen t  were a p p r e c i a b l e  and  were  a t t r i b u t e d  t o  t h e  
i n f l u e n c e  o f  r i p p l i n g  a t  t h e  l i q u i d  s u r f a c e .  The e f f e c t  o f  r i p p l i n g  was 
presumed t o  enhance  r a d i a l  mixing  i n  t h e  l a m i n a r  f i l m  and hence  r e d u c e  
i t s  r e s i s t a n c e  t o  mass t r a n s f e r .  
W e s t h a v e r ' s  E q u a t i o n  
By making an i n g e n i o u s  s e t  o f  s i m p l i f y i n g  a s s u m p t i o n s ,  Westhaver  
(63) s o l v e d  e q u a t i o n  (21)  f o r  t h e  c a s e  o f  t h e  d i s t i l l a t i o n  o f  a  b i n a r y  
m i x t u r e  i n  a  w e t t e d  w a l l  column where t h e  v a p o r  p h a s e  is i n  l a m i n a r  f l o w .  
A l lowing  f o r  symmetry a b o u t  t h e  a x i s  o f  t h e  column, e q u a t i o n  (21), 
w r i t t e n  i n  terms o f  . the  mole f r a c t i o n  of t h e  more v o l a t i l e  component, 
becomes 
The c o o r d i n a t e s  r and z a r e  measured from t h e  a x i s  and b a s e  
of  t h e  column, r e s p e c t i v e l y .  
A t  t o t a l  r e f l u x  and s t e a d y  s t a t e  t h e r e  i s  no n e t  accumulat ion of 
t h e  more v o l a t i l e  component a t  any p o i n t  i n  t h e  column. T h e r e f o r e  a  
m a t e r i a l  b a l a n c e  on t h e  more v o l a t i l e  component p a s s i n g  th rough  a  p l a n e  
a t  h e i g h t  z exten.ding a c r o s s  t h e  e n t i r e  column y i e l d s  
Assuming e q u a l  molal  ~ v e r f l o w  and t o t a l  r e f l u x ,  t h e  molal  l i q u i d  
r a t e  down t h e  column i s  equa l  t o  t h e  molal  vapor  r a t e  up t h e  column. 
Expressed  m a t h e m a t i c a l l y  
- 
L = C V U V A  - CV Uv ( 2 n r  d r )  
0 
S u b s t i t u t i n g  i n t o  e q u a t i o n  (23) and i n t e g r a t i n g  a c r o s s  t h e  vapor  
s p a c e  g i v e s  
By n o t i n g  t h a t  v - CV Y, e q u a t i o n  (25) may be w r i t t e n  i n  t e rms  
o f  t h e  mole f r a c t i o n  of t h e  more v o l a t i l e  component. 
N e g l e c t i n g  d i f f u s i o n  i n  t h e  z - d i r e c t i o n  i n  comparison w i t h  bu lk  
t r a n s p o r t  i n  t h e  z - d i r e c t i o n ,  e q u a t i o n  (22) becomes 
The v e l o c i t y  d i s t r i b u t i o n  i n  t h e  v a p o r  phase  i s  g i v e n  by t h e  
f a m i l i a r  H a g e n - P o i s s u i l l e  l aw  (64) .  
S u b s t i t u t i o n  o f  e q u a t i o n  (28) i n t o  e q u a t i o n  (27)  and i n t e g r a t i o n  
u n d e r  t h e  a s sumpt ion  t h a t  - i s  i n d e p e n d e n t  o f  r u s i n g  t h e  boundary  a z 
a Y c o n d i t i o n  t h a t  r - = 0 a t  r = 0 ;  i . e . ,  t h e r e  i s  no  t r a n s f e r  a c r o s s  ar 
t h e  c e n t e r  l i n e  o f  t h e  column, g i v e s  
i s  i n d e p e n d e n t  o f  r and s u b s t i t u t i n g  f o r  By assuming - a z Uv 
f rom e q u a t i o n  ( 2 8 ) ,  e q u a t i o n  (26) can be i n t e g r a t e d  by p a r t s  t o  g i v e  
The boundary  c o n d i t i o n  u s e d  i n  o b t a i n i n g  e q u a t i o n  (30)  i s  
( Y  - X) = ( Y *  - X) a t  r = ro; i . e . ,  e q u i l i b r i u m  o b t a i n s  a t  t h e  
v a p o r - l i q u i d  i n t e r f a c e .  F u r t h e r m o r e ,  i t  is n e c e s s a r y  t o  assume t h a t  
t h e  l i q u i d  compos i t i on  i s  i n v a r i a n t  i n  t h e  r - d i r e c t i o n .  
S u b s t i t u t i n g  f o r  dY i n  e q u a t i o n  (30 )  by u s i n g  e q u a t i o n  (29) and 
c o m p l e t i n g  t h e  i n t e g r a t i o n ,  a g a i n  assuming t h a t  i s  i n d e p e n d e n t  o f  a z 
r ,  y i e l d s  
I f  1 < aR < 1.1, t h a n  a s  Westhaver  (63) p o i n t s  o u t ,  (Y* - X) 
i s  c l o s e l y  a p p r o x i m a t e d  by ( ~ n  aR) [y* (1  - x)] and,  s i n c e  Y = X a t  
t o . t a l  r e f l u x ,  e q u a t i o n  ( 3 1 )  may be i n t e g r a t e d  t o  g i v e  
Y* 
(1 - y*)T ( ~ n  a,) 
R e a r r a n g i n g ,  
Now r e c a l l  t h a t  e q u a t i o n  (8) g i v e s  t h e  number of  t h e o r e t i c a l  
p l a t e s  r e q u i r e d  t o  e f f e c t  a  g i v e n  s e p a r a t i o n ,  
Thus  e q u a t i o n  (33) may be w r i t t e n  a s  
The q u a n t i t y  on t h e  l e f t  was d e f i n e d  by P e t e r s  (65) t o  b e  
t h e  " h e i g h t  e q u i v a l e n t  t o  a  t h e o r e t i c a l  p l a t e . "  Thus, 
- 
u r2 11 V 0 D~ 
HETP = - -+ r 
48 DV uv 
E q u a t i o n  (35) i s  t h e  f i n a l  r e s u l t  o b t a i n e d  by Westhaver  (63) .  
A s i m i l a r  r e s u l t  h a s  been i n d e p e n d e n t l y  o b t a i n e d  by Kuhn (66) and  
Cohen (28) .  More r e c e n t l y  Aris (67 )  h a s  shown t h a t  W e s t h a v e r ' s  e q u a t i o n  
is a s p e c i a l  c a s e  o f  a  g e n e r a l  a n a l y s i s  o f  t h e  a p p a r e n t  d i s p e r s i o n  of  
t h e  mean c o n c e n t r a t i o n  i n  f l u i d s  i n  l a m i n a r  f l o w .  
B e f o r e  comparing t h e  t h e o r y  w i t h  expe r imen t  it w i l l  be  u s e f u l  t o  
l i s t  t h e  a s s u m p t i o n s  b o t h  i m p l i c i t  and  e x p l i c i t  i n  W e s t h a v e r ' s  d e r i v a -  
t i o n .  These  a s s u m p t i o n s  a r e :  
( 1 )  The m i x t u r e  unde r  c o n s i d e r a t i o n  i s  c l o s e  b o i l i n g ;  i . e . ,  
1 < aR < 1.1. 
(2) The column i s  o p e r a t i n g  u n d e r  s t e a d y  s t a t e  c o n d i t i o n s  a t  
t o t a l  r e f l u x .  
( 3 )  The f l o w  o f  t h e  v a p o r  i s  l a m i n a r .  
(4) The v e l o c i t y  o f  t h e  v a p o r  i s  c o n s t a n t  and  i n d e p e n d e n t  o f  
t h e  h e i g h t .  
( 5 )  The a v e r a g e  v a p o r  v e l o c i t y  i s  l a r g e  compared w i t h  t h e  
a v e r a g e  l i q u i d  v e l o c i t y .  
(6) The l i q u i d  f i l m  f l o w s  e v e n l y  o v e r  t h e  e n t i r e  i n n e r  s u r f a c e  
of  t h e  column. 
( 7 )  The v a p o r  and  t h e  l i q u i d  a r e  i n  e q u i l i b r i u m  a t  t h e  v a p o r -  
l i q u i d  i n t e r f a c e .  
( 8 )  The l i q u i d  f i l m  i s  u n i f o r m  i n  c o m p o s i t i o n  i n  t h e  r a d i a l  
d i r e c t i o n .  
( 9 )  The v e r t i c a l  c o n c e n t r a t i o n  g r a d i e n t  i n  t h e  v a p o r  i s  e s s e n -  
t i a l l y  i n d e p e n d e n t  o f  t h e  r a d i a l  g r a d i e n t .  
D i f f u s i o n  i n  t h e  2 - d i r e c t i o n  i s  n e g l i g i b l y  s m a l l  compared 
t o  t h e  b u l k  t r a n s p o r t  i n  t h a t  d i r e c t i o n .  
The r e s t r i c t i o n  t h a t  t h e  m i x t u r e  b e  c l o s e  b o i l i n g  can b e  removed 
by d i r e c t  i n t e g r a t i o n  of  e q u a t i o n  ( 3 1 ) .  Thus,  a t  t o t a l  r e f l u x  Y = X 
and  t h e r q f o r e  i n t e g r a t i o n  o f  e q u a t i o n  (31) y i e l d s  
R e a r r a n g i n g  g i v e s ,  
The q u a n t i t y  HG i s  c a l l e d  t h e  " h e i g h t  o f  a t r a n s f e r  u n i t "  and  
i s  d i s c u s s e d  i n  d e t a i l  l a t e r  i n  t h i s  c h a p t e r .  I t  i s  e n t i r e l y  a n a l o g o u s  
i n  meaning t o  t h e  HETP i n  W e s t h a v e r ' s  o r i g i n a l  r e s u l t ,  e q u a t i o n  (35). 
G l a s e b r o o k  ( 6 8 )  and Westhaver  (63) compared e q u a t i o n  (35) w i t h  
t h e  a v a i l a b l e  e x p e r i m e n t a l  d a t a  and found  q u a l i t a t i v e l y  good ag reemen t  
between t h e  t h e o r y  and  e x p e r i m e n t .  E x a c t  q u a n t i t a t i v e  ag reemen t  was 
g e n e r a l l y  n o t  o b t a i n e d  due  t o  t h e  d i f f i c u l t y  o f  p r o v i d i n g  a d e q u a t e  c o l -  
umn i n s u l a t i o n  ( 2 5 )  a t  low f l o w  r a t e s  and u n c e r t a i n t i e s  r e g a r d i n g  t h e  
c o r r e c t  v a l u e  o f  t h e  d i f f u s i o n  c o e f f i c i e n t .  
Mass T r a n s f e r  i n  T u r b u l e n t  Flow 
G e n e r a l  
I n  t u r b u l e n t  f l o w  i n  c o n d u i t s ,  p a r t i c l e s  o f  f l u i d  no l o n g e r  f l o w  
i n  t h e  o r d e r l y  manner c h a r a c t e r i s t i c  o f  l a m i n a r  f low.  I n s t e a d ,  t h e  
c h a r a c t e r  o f  t h e  f l o w  a t  a  p o i n t  e x h i b i t s  a marked dependency on t h e  
d i s t a n c e  from t h e  c o n d u i t  w a l l .  I n  t h e  r e g i o n  n e a r  t h e  c e n t e r  o f  t h e  
c o n d u i t  t h e  f l u i d  mot ion  i s  h i g h l y  random w i t h  l a r g e  d i s c r e t e  e d d i e s  
o f  f l u i d  moving r a p i d l y  from one  p o s i t i o n  t o  a n o t h e r .  A s  t h e  c o n d u i t  
w a l l  i s  a p p r o a c h e d  t h e  f l u i d  motion becomes more r e g u l a r  u n t i l  f i n a l l y  
i n  a  r e g i o n  c l o s e  t o  t h e  w a l l  t h e  f l u i d  mot ion  becomes e s s e n t i a l l y  
l a m i n a r .  
I n  l a m i n a r  f l o w  t h e  r a d i a l  t r a n s f e r  o f  mass depends  o n l y  on 
m o l e c u l a r  mot ion  o f  t h e  d i f f u s i n g  s u b s t a n c e .  I n  t u r b u l e n t  f l o w  a  second  
mechanism i s  i n v o l v e d :  t h a t  of  mixing  and i n t e r c h a n g e  between macro- 
s c o p i c  f l u i d  e n t i t i e s .  In  t h e  v i c i n i t y  of t h e  c o n d u i t  w a l l  t h e  mot ion  
of  t h e  e d d i e s  i s  damped, s i n c e  t h e y  canno t  move r a d i a l l y ,  and mass 
t r a n s f e r  depends  p r i m a r i l y  on m o l e c u l a r  mo t ion .  I n  t h e  main f l u i d  
s t r e a m  t r a n s f e r  by eddy mixing  and i n t e r c h a n g e  i s  much more r a p i d  t h a n  
t r a n s f e r  by m o l e c u l a r  mot ion .  Near t h e  w a l l  t r a n s f e r  by m o l e c u l a r  d i f -  
f u s i o n  i s  s low,  b u t  t h e  d i s t a n c e s  i n v o l v e d  a r e  s m a l l ;  i n  t h e  t u r b u l e n t  
c o r e  t r a n s f e r  by eddy d i f f u s i o n  i s  r a p i d ,  b u t  t h e  d i s t a n c e s  i n v o l v e d  
a r e  r e l a t i v e l y  l a r g e .  Hence, b o t h  m o l e c u l a r  d i f f u s i o n  a n d  t h e  t u r b u l e n c e  
c o n d i t i o n s  i n f l u e n c e  t h e  o v e r a l l  r a t e  o f  mass t r a n s f e r  i n  t h e  f l u i d .  Be- 
c a u s e  o f  t h e  l a c k  o f  a  f u n d a m e n t a l  u n d e r s t a n d i n g  o f  t h e  p r o c e s s  o f  eddy 
mot ion  and  i t s  i n t e r r e l a t i o n  w i t h  m o l e c u l a r  mot ion  t h e  t r e a t m e n t  o f  t h e  
p rob lem o f  mass t r a n s f e r  i n  t u r b u l e n t  f l o w  h a s  been e s s e n t i a l l y  e m p i r i c a l .  
F i l m  Theory  
Measurements  o f  c o n c e n t r a t i o n  g r a d i e n t s  in t u r b u l e n t  f l o w  (69) 
h a v e  shown t h a t  t h e  ma jo r  r e s i s t a n c e  t o  t h e  o v e r a l l  t r a n s f e r  p r o c e s s  l i e s  
i n  t h e  r e g i o n  n e a r  t h e  w a l l  o f  t h e  c o n d u i t .  T h i s  f a c t  l e d  t o  t h e  " f i l m "  
c o n c e p t  p r o p o s e d  by Whitman and  K e a t s  (70) wh ich  assumed t h a t  t h e  e n t i r e  
r e s i s t a n c e  t o  mass t r a n s f e r  was c o n f i n e d  t o  a  t h i n  f i l m  o f  s t a g n a n t  f l u i d  
n e x t  t o  t h e  c o n d u i t  w a l l .  Under t h i s  a s s u m p t i o n ,  a t  s t e a d y  s t a t e ,  t h e  
r a t e  o f  mass t r a n s f e r  t h r o u g h  t h e  f i l m  can b e  o b t a i n e d  by i n t e g r a t i o n  
o f  e q u a t i o n  ( 1 5 ) .  
One o f  t h e  b a s i c  a s s u m p t i o n s  of c o n v e n t i o n a l  d i s t i l l a t i o n  t h e o r y  
u n d e r  c o n d i t i o n s  o f  t o t a l  r e f l u x  i s  t h a t  o f  e q u i - m o l a l  o v e r f l o w ;  t h a t  
i s ,  t h e  m o l a l  l i q u i d  and  v a p o r  r a t e s  a t  a n y  p o i n t  i n  a  column a r e  e q u a l .  
T h i s  a s s u m p t i o n  i s  g e n e r a l l y  v a l i d  f o r  d i s t i l l a t i o n  i n v o l v i n g  c l o s e  
b o i l i n g  m i x t u r e s  and ,  f o r  t h e  u s e  i n t e n d e d  h e r e ,  t a k e s  t h e  form 
Making t h i s  s u b s t i t u t i o n  and  i n t e g r a t i n g  a c r o s s  t h e  f i l m  t h i c k -  
n e s s  B,  assuming CV DV i s  c o n s t a n t  g i v e s  
I n  t e r m s  o f  t h e  m o l a r  d i f f u s i o n  c o e f f i c i e n t ,  Dm, e q u a t i o n  (39) may be  
e x p r e s s e d  a s  
S i n c e  f o r  a  g i v e n  s e t  o f  c i r c u m s t a n c e s  D,/B is c o n s t a n t ,  t h e s e  
t e r m s  s e r v e  t o  d e f i n e  t h e  g a s  f i l m  m a s s - t r a n s f e r  c o e f f i c i e n t ,  kG. 
The q u a n t i t y  B i s  t h e  t h i c k n e s s  o f  a f i c t i t i o u s  o r  e f f e c t i v e  
f i l m  wh ich  h a s  a  r e s i s t a n c e  t o  mass t r a n s f e r  by m o l e c u l a r  d i f f u s i o n  
e q u a l  t o  t h a t  o f f e r e d  by t h e  r e a l  l a m i n a r  f i l m  a n d  t h e  t u r b u l e n t  c o r e .  
The mass t r a n s f e r  r a t e  i n  t e r m s  of  kG i s  t h e n  
Ana logous  d e r i v a t i o n s  h a v e  been c a r r i e d  o u t  f o r  d i f f u s i o n  i n  
l i q u i d s  ( 7 1 )  a n d  l e a d  t o  t h e  e q u a t i o n  
I n  e q u a t i o n  (43) ,  t h e  q u a n t i t y  B r e f e r s  t o  t h e  t h i c k n e s s  o f  an  e f f e c -  
t i v e  l i q u i d  f i l m .  
The more g e n e r a l  p rob l em o f  d i s t i l l a t i o n  i n  a  w e t t e d  w a l l  column 
i n  which  t h e  v a p o r  i s  i n  t u r b u l e n t  f l o w  i n v o l v e s  mass t r a n s f e r  be tween  
two p h a s e s .  Hence t h e  r e s i s t a n c e  t o  mass t r a n s f e r  of  b o t h  p h a s e s  must  
b e  c o n s i d e r e d .  
The f i r s t  s y s t e m a t i c  t r e a t m e n t  o f  mass t r a n s f e r  between p h a s e s  
i s  due  t o  Lewis and  Whitman (72) who p r o p o s e d  t h a t  t h e  e n t i r e  r e s i s t -  
a n c e  t o  mass t r a n s f e r  c o u l d  be  assumed t o  r e s i d e  i n  two t h i n  f i l m s  on 
e i t h e r  s i d e  of  t h e  g a s - l i q u i d  i n t e r f a c e .  I t  was a l s o  assumed t h a t  t h e  
g a s  and  l i q u i d  were  i n  e q u i l i b r i u m  a t  t h e  i n t e r f a c e  and  t h a t  o u t s i d e  t h e  
f i l m s  t h e  c o m p o s i t i o n s  o f  t h e  two p h a s e s  were  un i fo rm.  
I f  t h e s e  f i l m s  a r e  t h i n  t h e  a c t u a l  amount o f  m a t e r i a l  c o n t a i n e d  
i n  them i s  n e g l i g i b l e  compared t o  t h e  amount of  m a t e r i a l  d i f f u s i n g  
t h r o u g h  them. T h e r e f o r e ,  t r a n s p o r t  due  t o  t h e  b u l k  mo t ion  of  t h e  
f i l m s  is n e g l i g i b l e  and t h e  r a t e s  o f  mass t r a n s f e r  t h r o u g h  t h e  f i l m s  
may b e  e q u a t e d .  Thus, 
I n  p r a c t i c e  t h e  l o c a l  c o e f f i c i e n t s  kG and kL a r e  d i f f i c u l t  
t o  d e t e r m i n e  and  t h e  i n t e r f a c i a l  c o m p o s i t i o n s  Xi and  Yi a r e  unknown. 
I f  t h e  r e l a t i o n  be tween t h e  i n t e r f a c i a l  c o m p o s i t i o n s  i s  l i n e a r ,  e q u a t i o n  
( 4 4 )  may be  e x p r e s s e d  i n  t e r m s  o f  o v e r a l l  c o e f f i c i e n t s  ( 7 3 ) .  T h e r e f o r e ,  
The o v e r a l l  and i n d i v i d u a l  c o e f f i c i e n t s  a r e  r e l a t e d  ( 7 3 )  by 
The q u a n t i t y  KG i s  an o v e r a l l  mass t r a n s f e r  c o e f f i c i e n t  accoun t -  
ing f o r  t h e  e n t i r e  d i f f u s i o n a l  r e s i s t a n c e  p r e s e n t  i n  bo th  phases  i n  t e rms  
o f  3 vapor  mole f r a c t i o n  d r i v i n g  f o r c e .  The terms 1 and q/kL r e p -  
r e s e n t  t h e  r e l a t i v e  r e s i s t a n c e s  t o  mass t r a n s f e r  w i t h i n  t h e  i n d i v i d u a l  
phases  . 
In  g e n e r a l ,  both  t h e  g a s  f i l m  and t h e  l i q u i d  f i l m  may be  expec ted  
L O  o f f e r  a p p r e c i a b l e  r e s i s t a n c e  t o  mass t r a n s f e r  i n  d i s t i l l a t i o n  columns. 
However, t h e  m a j o r i t y  of  i n v e s t i g a t o r s  ( 2 8 )  ( 3 0 )  ( 3 3 )  ( 34 )  of d i s t i l l a t i o n  
i n  we t t ed  w a l l  columns have found t h e  r e s i s t a n c e  of  t h e  l i q u i d  f i l m  t o  
be n e g l i g i b l e  and have  a t t r i b u t e d  t h i s  t o  t h e  a g i t a t i o n  of t h e  l i q u i d  
s u r f a c e  caused by r i p p l i n g .  
Assuming t h e  l i q u i d  f i l m  r e s i s t a n c e  t o  be n e g l i g i b l e ,  e q u a t i o n  
(46) becomes 
and e q u a t i o n s  (40) a n d  (45) may be w r i t t e n  a s  
The mass t r a n s f e r  c o e f f i c i e n t  i s  r e l a t e d  t o  t h e  column h e i g h t  
by a m a t e r i a l  b a l a n c e  o v e r  a  d i f f e r e n t i a l  element of t h e  column of 
h e i g h t  dz .  Thus, 
I n  a  w e t t e d  w a l l  column t h e  s u r f a c e  a r e a  normal t o  mass t r a n s f e r  
is  ( ~ d )  dz 3r1d t h e  c r o s s  s e c t i o n a l  a r e a  i s  7rd2/4. Thus, 
(nd2/4)G dY 
M 
; kG ( Y *  - Y )  ( n d )  d z  
m 
R e a r r a n g i n g  and  i n t e g r a t i n g ,  
T h i s  e q u a t i o n  s e r v e s  a s  t h e  b a s i s  f o r  t h e  c o m p u t a t i o n  of  mass 
t r a n s f e r  c o e f f i c i e n t s  f rom e x p e r i m e n t a l  d a t a .  
The i n t e g r a l  on t h e  l e f t  o f  e q u a t i o n  ( 5 1 )  was d e f i n e d  by C h i l t o n  
and  C o l b u r n  ( 7 4 )  a s  t h e  number o f  t r a n s f e r  u n i t s .  T h a t  i s ,  
The h e i g h t  o f  a  t r a n s f e r  u n i t  i s  d e f i n e d  i n  t h e  same way t h a t  
P e t e r s  (65) d e f i n e d  t h e  HETP, Thus,  
The q u a n t i t y  HG i s  r e l a t e d  t o  kG a n d  B by e q u a t i o n s  (48) 
and  (51) .  T h e r e f o r e ,  
S i n c e  t h e  e f f e c t i v e  f i l m  t h i c k n e s s ,  mass t r a n s f e r  c o e f f i c i e n t ,  
and  h e i g h t  o f  a  t r a n s f e r  u n i t  a r e  q u a n t i t a t i v e l y  r e l a t e d ,  none  o f  t h e s e  
q u a n t i t i e s  h a s  any  more t h e o r e t i c a l  s i g n i f i c a n c e  t h a n  any  o f  t h e  o t h e r s .  
The method  o f  data  p r e s e n t a t i o n  is p u r e l y  a  m a t t e r  o f  c o n v e n i e n c e .  
However, p r e s e n t a t i o n  i n  t e rms  of  HG and B h a s  some advan tage  over  
t h e  u s e  of  kG s i n c e  t h e  former  q u a n t i t i e s  a r e  e x p r e s s i b l e  i n  terms of 
s i n g l e  dimension,  l e n g t h ,  w h i l e  kG h a s  t h e  d imensions  of moles t r a n s -  
f e r r e d /  u n i t  a r e a  - u n i t  t i m e .  To f a c i l i t a t e  t h e  comparison of t h e  d a t a  
uf t h i s  i n v e s t i g a t i o n  wi th  t h a t  o f  p r e v i o u s  i n v e s t i g a t o r s  bo th  HG and 
B have been used.  
The e v a l u a t i o n  of  NtG from e q u a t i o n  (52) r e q u i r e s  a  r e l a t i o n  
between Y* and Y. I n  g e n e r a l  t h i s  r e l a t i o n  i s  p rov ided  by t h e  vapor-  
l i q u i d  e q u i l i b r i u m  d a t a  and t h e  o p e r a t i n g  l i n e ,  I f  t h e  d i s t i l l a t i o n  i s  
c a r r i e d  o u t  under  t o t a l  r e f l u x  t h e  o p e r a t i n g  l i n e  is Y = X. Then i f  
t h e  v a p o r - l i q u i d  e q u i l i b r i u m  d a t a  can be  e x p r e s s e d  a s  
e q u a t i o n  (52) may be i n t e g r a t e d  i n  c l o s e d  form (74) t o  o b t a i n  
Equa t ion  (54) may then  be used t o  c a l c u l a t e  v a l u e s  of  %, kG, 
and B. Thus, 
l n e  f i l m  concept  h a s  been of g r e a t  v a l u e  i l l  ~ ' u r n i s h i n g  a  s i m p l e  
p i c t u r e  of  a  compl ica ted  p r o c e s s  and i n  p r o v i d i n g  a  common b a s i s  f o r  t h e  
p r e s e n t a t i o n  and comparison of mass t r a n s f e r  d a t a ;  however, a s  a  theo-  
r e t i c a l  b a s i s  f o r  t h e  c o r r e l a t i o n  and i n t e r p r e t a t i o n  of d a t a  it  l e a v e s  
much t o  be d e s i r e d .  Consequent ly ,  s t u d i e s  of  mass t r a n s f e r  i n  t u r b u l e n t  
f low have p r i m a r i l y  been d i r e c t e d  toward t h e  d i s c o v e r y  o f  t h e  v a r i a b l e s  
which i n f l u e n c e  t h e  r a t e  of mass t r a n s f e r  and t h e  i n c o r p o r a t i o n  of t h e s e  
v a r i a b l e s  i n t o  u s e f u l  e m p i r i c a l  c o r r e l a t i o n s .  
A s  h a s  been p r e v i o u s l y  s t a t e d ,  t h e  developmerlt of t h e  f i l m  con- 
c e p t  was m o t i v a t e d  by a  r e c o g n i t i o n  of t h e  f a c t  t h a t  measured concen- 
t r a t i o n  g r a d i e n t s  i n  t u r b u l e n t  f low show t h a t  t h e  m a j o r i t y  of  t h e  r e -  
s i s t a n c e  t o  mass t r a n s f e r  l i e s  i n  a  t h i n  l a y e r  n e x t  t o  t h e  c o n d u i t  w a l l  
and t h a t  t h e r e  is  a  t h i n  l a y e r  o f  f l u i d  n e x t  t o  t h e  c o n d u i t  w a l l  whose 
motion is  e s s e n t i a l l y  l aminar .  The th ickness  o f  t h e  l aminar  f i l m  i s  a  
f u n c t i o n  of t h e  d e g r e e  o f  t u r b u l e n c e  of  t h e  f l u i d  and can be  d e s c r i b e d  
by t h e  vapor  R e y n o l d s  number ( 41 ) (42 ) .  The r e s i s t a n c e  of t h e  t u r b u l e n t  
r e g i o n  s h o u l d  a l s o  be  a  f u n c t i o n  of t h e  Reynolds number. The molecu la r  
d i f f u s i v i t y  s h o u l d  be impor tan t  i n  d e t e r m i n i n g  t h e  r a t e  of  t r a n s f e r  
t h r o u g h  t h e  l aminar  film. There fo re ,  t h e  r a t e  o f  mass t r a n s f e r  s h o u l d  
depend on t h e  vapor  d i f f u s i v i t y  and t h e  q u a n t i t i e s  making up t h e  vapor  
Reynolds number. Dimensional  a n a l y s i s  (75) of  t h e s e  v a r i a b l e s  l e a d s  t o  
t h e  c o n c l u s i o n  t h a t  
Most i n v e s t i g a t i o n s  o f  d i s t i l l a t i o n  i n  w e t t e d  w a l l  columns have  
been conce rned  w i t h  e m p i r i c a l l y  d e f i n i n g  t h e  form of t h e  f u n c t i o n a l  r e -  
l a t i o n s h i p  i n d i c a t e d  by e q u a t i o n  ( 5 8 )  . 
J o h n s t o n e  and P i g f o r d  ( 2 8 )  c o r r e l a t e d  d i s t i l l a t i o n  d a t a  on f o u r  
s y s t e m s  c o v e r i n g  a  Schmidt  number r a n g e  o f  0 . 5 4  t o  0 . 7 2  and a  Reynolds  
number r a n g e  o f  4000 t o  26 ,000 by t h e  e m p i r i c a l  e q u a t i o n  
which  may be e q u i v a l e n t l y  e x p r e s s e d  a s  
J a c k s o n  and C e a g l s k i ' s  d a t a  (33) f o r  t h e  d i s t i l l a t i o n  of  
2 -p ropano l -wa te r  o v e r  a  Reynolds  number r a n g e  o f  1800 t o  72 ,000  a t  
b o t h  t o t a l  and p a r t i a l  r e f l u x  were  i n  good agreement  w i t h  e q u a t i o n  ( 5 9 ) .  
G i l l i l a n d  and Sherwood 's  d a t a  (18) f o r  t h e  v a p o r i z a t i o n  of  e i g h t  
o r g a n i c  l i q u i d s  and  w a t e r  c o v e r e d  a  Schmidt  number r a n g e  o f  0.60 t o  2 .26  
and a  Reynolds  number r a n g e  o f  2000 t o  36 ,000.  I n  a d d i t i o n ,  t h e  p r e s s u r e  
was v a r i e d  from 110 t o  2330 m i l l i m e t e r s  o f  mercury .  A l l  of t h e  d a t a  
were  c o r r e l a t e d  by t h e  e m p i r i c a l  e q u a t i o n  
which i n  t e r m s  o f  HG / d  i s  
I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  G i l l i l a n d  and Sherwood found  t h a t  
a  Reynolds  number r e l a t i v e  t o  t h e  t u b e  w a l l  c o r r e l a t e d  t h e i r  d a t a  f o r  
b o t h  c o c u r r e n t  and c o u n t e r c u r r e n t  vapor  f l o w  b e t t e r  t h a n  a  Reynolds  num- 
b e r  r e l a t i v e  t o  t h e  l i q u i d  s u r f a c e  v e l o c i t y .  The a u t h o r s  e x p l a i n e d  t h i s  
pa radox  by p o s t u l a t i n g  t h a t  t h e  a p p a r a t u s  which t h e y  u s e d  was t o o  s h o r t  
f o r  t h e  v e l o c i t y  g r a d i e n t  o f  t h e  a i r  s t r e a m  t o  be a p p r e c i a b l y  a f f e c t e d  
by t h e  l i q u i d  s u r f a c e .  
The d a t a  o f  Yoshida (34) f o r  t h e  d i s t i l l a t i o n  of  f o u r  b i n a r y  s y s -  
tems c o v e r i n g  a  Schmidt  number r a n g e  of  0 . 4 1  t o  0 . 7 2  and a  Reynolds  num- 
b e r  r a n g e  o f  2200 t o  22 ,000 showed t h e  same Reynolds  number dependence  
a s  e q u a t i o n  ( 6 1 )  b u t  t h e  d a t a  f o r  t h e  i n d i v i d u a l  s y s t e m s  were  n e i t h e r  
c o r r e l a t e d  by t h e  f a c t o r  S C ~ ~ ' ~ ~  n o r  t h e  f a c t o r  S C ~ O * ~ ~ ;  however,  
t h e  d a t a  were  w e l l  c o r r e l a t e d  by a  d i f f e r e n t  concep t  which w i l l  b e  
d i s c u s s e d  l a t e r .  
A s  r e g a r d s  t h e  e f f e c t  o f  t h e  v a p o r  Reynolds  number, t h e  a g r e e -  
ment among t h e  v a r i o u s  i n v e s t i g a t o r s  i s  v e r y  good. I t  seems r e a s o n a b l y  
c e r t a i n  t h a t  t h e  e f f e c t s  o f  v a p o r  t u r b u l e n c e  on t h e  e f f e c t i v e  f i l m  
t h i c k n e s s  can be e x p r e s s e d  by t h e  r e l a t i o n  
o v e r  t h e  Reynolds  number r a n g e  o f  2000 t o  70 ,000  p r o v i d e d  t h a t  t h e  
v a p o r  s t r e a m  i s  t r u l y  i n  t u r b u l e n t  f l o w .  
The e f f e c t  o f  t h e  m o l e c u l a r  p r o p e r t i e s  o f  t h e  f l u i d ,  a s  t h e y  a r e  
i n c o r p o r a t e d  i n  t h e  Schmidt  number, i s  s t i l l  open t o  q u e s t i o n .  The em- 
p i r i c a l  r e l a t i o n s  which have  been p r e s e n t e d  would i n d i c a t e  t h a t  
o r  t h a t  
A s  Sherwood (76) p o i n t s  o u t ,  t h i s  d i s c r e p a n c y  c a n n o t  be  s e t t l e d  
on t h e  b a s i s  o f  d a t a  c o v e r i n g  a  Schmidt  number r a n g e  o f  o n l y  0 . 4 1  t o  
2.26. I n  f a c t ,  t h e  problem would seem t o  be  much more t h a n  s i m p l y  de -  
c i d i n g  w h e t h e r  d / ~  i s  p r o p o r t i o n a l  t o  ~ c ~ ~ ' ~ ~  o r  c ~ ~ ~ ~ ~ .  
The s u c c e s s f u l  a p p l i c a t i o n  o f  t h e  p r i n c i p l e s  o f  d i m e n s i o n a l  
a n a l y s i s  depends  on t h e  i n c l u s i o n  of  a l l  t h e  p e r t i n e n t  v a r i a b l e s  a f f e c t -  
i n g  t h e  s i t u a t i o n  f o r  which  t h e  a n a l y s i s  i s  t o  b e  made. T h e r e  i s  ample 
e v i d e n c e  t h a t  t h e  e f f e c t i v e  f i l m  t h i c k n e s s  depends  on more t h a n  j u s t  
t h e  v a p o r  v e l o c i t y ,  d e n s i t y ,  v i s c o s i t y ,  a n d  d i f f u s i v i t y ,  and  on t h e  
t u b e  d i a m e t e r .  
A r ecen - t  i n v e s t i g a t i o n  (36) of  t h e  e f f e c t  o f  t h e  l e n g t h - t o -  
d i a m e t e r  r a t i o  on d i s t i l l a t i o n  i n  w e t t e d  w a l l  columns h a s  shown t h a t  
f o r  l a m i n a r  f l o w  
w h i l e  f o r  f l o w  i n  t h e  t r a n s i t i o n  r e g i o n  
and  f o r  t u r b u l e n t  f l o w  
However, t h e  a p p a r a t u s  u s e d  i n  t h e  i n v e s t i g a t i o n  p r o v i d e d  a minimum of  
ca lming  ahead  o f  t h e  t e s t  s e c t i o n  and ,  h e n c e , p r o b a b l y  m a g n i f i e d  t h e  
2 f f e c t  o f  t h e  l e n g t h - t o - d i a m e t e r  r a t i o  above  what  would be  o b s e r v e d  i r  
a  column which p r o v i d e d  a ca lming  s e c t i o n  of  normal  l e n g t h .  
Some i n v e s t i g a t o r s  (31) (32) (33)  (56)  h a v e  found an i n f l u e n c e  o f  
compos i t i on  on d / ~  which c o u l d  n o t  be c o r r e l a t e d  by a  s i m p l e  power 
law r e l a t i o n s h i p  w i t h  t h e  Schmidt  number. S t o r r o w  ( 3 1 ) ,  i n  d i s c u s s i n g  
t h i s  c o m p o s i t i o n  e f f e c t ,  conc luded  t h a t  "... a  c o r r e l a t i o n  e q u a t i o n  con- 
t a i n i n g  s i m p l e  powers o f  d i m e n s i o n l e s s  g r o u p s ,  s u c h  a s  Reynolds  number 
and  Schmidt  number, can o n l y  be e x p e c t e d  t o  be  o f  g e n e r a l  u s e  f o r  d a t a  
o b t a i n e d  o v e r  a  l i m i t e d  r a n g e  o f  v a p o r  c o m p o s i t i o n  w i t h  a  s p e c i f i c  b i -  
n a r y  sys tem."  
T h e r e  i s  e v i d e n c e  (55) t h a t  t h e  s u r f a c e  t e n s i o n  c h a r a c t e r i s t i c s  
o f  t h e  l i q u i d  r e f l u x  f i l m  can s i g n i f i c a n t l y  i n f l u e n c e  t h e  mass t r a n s f e r  
r a t e  i n  w e t t e d  w a l l  co lumns .  However, t h i s  e f f e c t  s h o u l d  be  l i m i t e d  t o  
s y s t e m s  o f  h i g h  r e l a t i v e  v o l a t i l i t y  and t h e n  o n l y  a t  t h e  lower  f l o w  r a t e s .  
The phenomena o f  l i q u i d  f i l m  r i p p l i n g  (45) (48) (50 )  (51 )  and i t s  
e f f e c t  on d i s t i l l a t i o n  i n  w e t t e d  w a l l  columns h a s  n o t  been e x t e n s i y e l y  
s t u d i e d .  S i n c e  t h e  v a p o r  s t r e a m  i s  bounded by t h e  l i q u i d  f i l m ,  r i p p l i n g  
would be  e x p e c t e d  t o  i n f l u e n c e  t h e  v a p o r  s t r e a m  t u r b u l e n c e ,  and  h e n c e  
t h e  mass t r a n s f e r  r a t e ,  a s  a  form o f  " w a l l "  r o u g h n e s s .  A l though  t h e r e  
i s  e x p e r i m e n t a l  e v i d e n c e  (48) (51) t h a t  t h e  c h a r a c t e r  o f  t h e  r i p p l i n g  v a r -  
i e s  w i t h  t h e  p h y s i c a l  p r o p e r t i e s  o f  t h e  l i q u i d  f i l m ,  t h e  g e n e r a l  a g r e e -  
ment o f  t h e  d i s t i l l a t i o n  d a t a  o f  t h e  v a r i o u s  i n v e s t i g a t o r s  would i n d i c a t e  
t h a t  t h e  e f f e c t  o f  r i p p l i n g  i s  s l i g h t  i n  t h e  r e g i o n  of  t u r b u l e n t  v a p o r  
f l o w -  
I t  h a s  o f t e n  been s u g g e s t e d  t h a t  t h e r e  i s  a  t h e o r e t i c a l  b a s i s  
f o r  e x p e c t i n g  t h a t  t h e  exponen t  on t h e  Schmidt  g r o u p  i n  e q u a t i o n  (61 )  
s h o u l d  b e  between z e r o  and  u n i t y  s i n c e  mass t r a n s f e r  i n  t h e  t u r b u l e n t  
c o r e  s h o u l d  be e s s e n t i a l l y  i n d e p e n d e n t  of  t h e  m o l e c u l a r  d i f f u s i v i t y  
w h i l e  mass t r a n s f e r  i n  t h e  l a m i n a r  f i l m  s h o u l d  b e  p r o p o r t i o n a l  t o  t h e  
f i r s t  power of  t h e  m o l e c u l a r  d i f f u s i v i t y .  An exponen t  between z e r o  and  
u n i t y  is  t h e n  s u p p o s e d  t o  i n d i c a t e  t h e  d u a l i t y  of  t h e  mass t r a n s f e r  
mechanism. As G i l l i l a n d  ( 3 5 )  p o i n t s  o u t ,  t h i s  i s  an e r r o n e o u s  c o n c l u -  
s i o n  s i n c e  f o r  t h e  mechanism d e s c r i b e d  above  t h e  a c t u a l  e f f e c t  of  d i f -  
f u s i v i t y  s h o u l d  b e  r e p r e s e n t e d  by a  sum of  t e r m s  and  n o t  a  power func -  
t i o n .  
T u r b u l e n t  C o r e  - Laminar  L a y e r  Concep t  
A m o d i f i c a t i o n  o f  t h e  o r i g i n a l  f i l m  c o n c e p t  which conforms more 
c l o s e l y  t o  t h e  a c t u a l  s i t u a t i o n  e x i s t j n g  i n  t u r b u l e n t  f l o w  h a s  been s u c -  
c e s s f u l l y  a p p l i e d  t o  v a p o r i z a t i o n  ( 3 5 )  and  d i s t i l l a t i o n  (34) i n  w e t t e d  
w a l l  columns.  T h i s  m o d i f i c a t i o n ,  j u s t  a s  t h e  s i m p l e  f i l m  c o n c e p t ,  a s -  
sumes t h a t  mass t r a n s f e r  i n  t u r b u l e n t  f l o w  t a k e s  p l a c e  t y  two d i f f e r e n t  
mechanisms.  I n  t h e  l a m i n a r  l a y e r ,  whe re  t u r b u l e n c e  i s  a t  a  minimum, 
t h e  t r a n s f e r  i s  assumed t o  be  l a r g e l y  by m o l e c u l a r  d i f f u s i o n ;  i n  t h e  
t u r b u l e n t  c o r e  t h e  t r a n s f e r  i s  assumed t o  b e  m a i n l y  by c o n v e c t i o n  due  
t o  r a p i d  eddy mot ion .  However, i n s t e a d  o f  assuming t h a t  t h e  e n t i r e  
r e s i s t a n c e  t o  mass t r a n s f e r  r e s i d e s  i n  a  f i c t i t i o u s  l a m i n a r  f i l m ,  it 
i s  assumed t h a t  t h e  t o t a l  r e s i s t a n c e  i s  t h e  sum o f  t h e  r e s i s t a n c e  o f  
t h e  t u r b u l e n t  c o r e  and  t h e  r e s i s t a n c e  o f  t h e  t r u e  l a m i n a r  l a y e r .  
The t u r b u l e n t  c o r e - l a m i n a r  l a y e r  c o n c e p t  h a s  t h e  a d v a n t a g e  o f  
p r e s e n t i n g  a  s i m p l e  p i c t u r e  o f  t h e  mass t r a n s f e r  mechanism from which  
c a l c u l a t i o n s  can be  made w h i l e  a t  t h e  same t i m e  conforming c l o s e l y  t o  
t h e  a c t u a l  p h y s i c a l  s i t u a t i o n .  I t  i s  d i s t i n g u i s h e d  from t h e  s i m p l e  f i l m  
r.oncept i n  two fundamen ta l  ways: f i r s t ,  i t  r e c o g n i z e s  t h a t  t h e  t u r b u -  
l e n t  c o r e  does  o f f e r  r e s i s t a n c e  t o  mass t r a n s f e r ,  and second ,  i t  r e c o g -  
n i z e s  t h a t  a  l a m i n a r  l a y e r  o f  d e f i n i t e  t h i c k n e s s  (41 )  (42)  a c t u a l l y  d o e s  
e x i s t  where m o l e c u l a r  d i f f u s i o n  c o n t r o l s .  
E q u a t i o n  (48) was d e r i v e d  f o r  e q u i m o l a l  c o u n t e r  d i f f u s i o n  t h r o u g h  
a  s t a g n a n t  f i l m  unde r  c o n d i t i o n s  o f  n e g l i g i b l e  l i q u i d  f i l m  r e s i s t a n c e .  
A s  h a s  been  p r e v i o u s l y  d i s c u s s e d ,  t h e  e q u a t i o n s  f o r  m o l e c u l a r  d i f f u s i o n  
t h r o u g h  s t a g n a n t  f i l m s  a r e  e q u a l l y  a p p l i c a b l e  t o  t r a n s f e r  i n  l a m i n a r  
f i l m s  i n  a  d i r e c t i o n  normal  t o  t h e  s t r e a m l i n e s .  Hence, f o r  a  t h i n  lam- 
i n a r  l a y e r  o f  t h i c k n e s s  Bf e q u a t i o n  (48) t a k e s  t h e  form 
I n  t e rms  o f  p a r t i a l  p r e s s u r e  d r i v i n g  f o r c e s  e q u a t i o n  ( 69 )  becomes 
Thus. 
The r e s i s t a n c e  o f  t h e  l a m i n a r  l a y e r  i s  t h e n  
Assuming t h a t  t h e  t o t a l  r e s i s t a n c e  t o  mass t r a n s f e r  between t h e  
i n t e r f a c e  and  t h e  main body o f  t h e  g a s  can  be  t a k e n  a s  two r e s i s t a n c e s  
i n  s e r i e s ,  t h a t  o f  t h e  t u r b u l e n t  c o r e  and t h a t  o f  t h e  l a m i n a r  l a y e r ,  
The o v e r a l l  g a s  p h a s e  r e s i s t a n c e  i s  t h e n  
As h a s  been p r e v i o u s l y  s t a t e d  t h e  mechanism o f  mass t r a n s f e r  i n  
t h e  t u r b u l e n t  c o r e  i s  n o t  w e l l  u n d e r s t o o d ;  however,  t h e r e  i s  e x p e r i m e n t a l  
e v i d e n c e  (34) (35) t h a t  f o r  d i s t i l l a t i o n  and  v a p o r i z a t i o n  i n  w e t t e d  w a l l  
columns t h e  r e s i s t a n c e  o f  t h e  t u r b u l e n t  c o r e  and  t h e  t h i c k n e s s  o f  t h e  
l a m i n a r  l a y e r  a r e  power f u n c t i o n s  o f  t h e  v a p o r  Reyno lds  number; i . e . ,  
and  Bf = f ReV a  
where  c and  f a r e  p r o p o r t i o n a l  c o n s t a n t s  r e f e r r i n g  t o  t h e  t u r b u l e n t  
c o r e  and  t h e  l a m i n a r  l a y e r ,  r e s p e c t i v e l y .  
App ly ing  t h e s e  r e l a t i o n s  t o  e q u a t i o n  (74) y i e l d s  
The c o e f f i c i e n t  k i s  r e l a t e d  t o  t h e  cus tomary  q u a n t i t i e s  u s e d  
f o r  t h e  e v a l u a t i o n  o f  mass t r a n s f e r  d a t a  a s  f o l l o w s :  
G i l l i l a n d  ( 3 5 )  h a s  a p p l i e d  t h e  t u r b u l e n t  co re - l aminar  l a y e r  con- 
c e p t  t o  d a t a  (18)  o b t a i n e d  f o r  t h e  v a p o r i z a t i o n  of  l i q u i d s  i n t o  a  t u r b u -  
l e n t  a i r  s t r eam.  The a p p l i c a t i o n  of t h e  s i m p l e  f i l m  concept  t o  t h e s e  
d a t a  has  a l r e a d y  been d i s c u s s e d  and i t  was p o i n t e d  o u t  t h a t  t h e  d a t a  
were w e l l  c o r r e l a t e d  by t h e  e m p i r i c a l  r e l a t i o n  g iven  by e q u a t i o n  ( 6 1 ) .  
G i l l i l a n d  o b t a i n e d  an e q u a l l y  good c o r r e l a t i o n  by app ly ing  
e q u a t i o n  (76) t o  t h e  d a t a .  Th i s  c o r r e l a t i o n  may be  e x p r e s s e d  a s  
G i l l i l a n d  p o i n t s  o u t  t h a t  a l t h o u g h  e q u a t i o n  (61) i s  conven ien t  and g i v e s  
good r e s u l t s  f o r  t h e  d a t a  it  i s  i n c o m p a t i b l e  w i t h  t h e  t u r b u l e n t  c o r e -  
l aminar  l a y e r  concep t .  G i l l i l a n d  a l s o  s u g g e s t s  t h a t  t h e  v a r i a t i o n s  i n  
DV a r e  n o t  l a r g e  enough t o  t e s t  a d e q u a t e l y  t h e  two methods of  c o r r e -  
l a t i o n .  
Yoshida (34) a p p l i e d  t h e  t u r b u l e n t  co re - l aminar  l a y e r  concept  
L O  d i s t i l l a t i o n  d a t a  o b t a i n e d  i n  a  w e t t e d  w a l l  column and deve loped  t h e  
c o r r e l a t i o n  
Y o s h i d a ' s  d a t a  c o u l d  n o t  b e  c o r r e l a t e d  by e i t h e r  o f  t h e  s i m p l e  power 
law e x p r e s s i o n s  g i v e n  by e q u a t i o n s  ( 6 0 )  and ( 6 1 ) .  
To u s e  e q u a t i o n s  (80) and (81 )  t h e  d i f f u s i v i t y  must  b e  e x p r e s s e d  
i n  t h e  u n i t s  f o r  which t h e  e q u a t i o n s  were  d e r i v e d .  Tak ing  DV i n  
( ~ m . ~ / s e c . )  i n  e q u a t i o n  (80) g i v e s  k& i n  (1b . -moles / f t  .2 -hr . -a tm.)  . 
Taking D i n  (kg . -moles /hr . -meter )  makes d / ~  d i m e n s i o n l e s s  i n  equa- m 
t i o n  ( 8 1 ) .  E q u a t i o n s  (80) and (81 )  c a n n o t  be  q u a n t i t a t i v e l y  compared 
b e c a u s e  t h e  e m p i r i c a l  c o n s t a n t s  c o n t a i n e d  i n  t h e  e q u a t i o n s  c a n n o t  be 
r e l a t e d .  
Even though  t h e  t u r b u l e n t  c o r e - l a m i n a r  l a y e r  concep t  i s  i n  
much c l o s e r  a c c o r d  w i t h  known mass t r a n s f e r  b e h a v i o r  i n  t u r b u l e n t  f l o w  
t h a n  t h e  s i m p l e  f i l m  t h e o r y  i t  i s  s t i l l  an o v e r s i m p l i f i c a t i o n  o f  t h e  
t r u e  s i t u a t i o n .  I t s  p r i m a r y  f a u l t  i s  t h a t  i s  makes no  a l l o w a n c e  f o r  
t h e  l e n g t h  o f  t h e  d i f f u s i o n  p a t h  i n  i t s  t r e a t m e n t  o f  t h e  r e s i s t a n c e  o f  
t h e  t u r b u l e n t  c o r e .  The c o r r e l a t i o n s  d e v e l o p e d  by G i l l i l a n d  and  Yoshida 
i g n o r e  t h i s  f a c t o r  and h e n c e  s h o u l d  be a p p l i c a b l e  o n l y  t o  d a t a  o b t a i n e d  
i n  t u b e s  o f  t h e  same d i a m e t e r  a s  t h o s e  f o r  which t h e  c o r r e l a t i o n s  were  
o r i g i n a l l y  deve loped .  I n  a d d i t i o n ,  T r e y b a l  (771 p o i n t s  o u t  t h a t  d e s p i t e  
t h e o r e t i c a l  i n d i c a t i o n s  t h a t  p h y s i c a l  p r o p e r t i e s  s h o u l d  b e  u n i m p o r t a n t  
i n  d e t e r m i n i n g  mass t r a n s f e r  i n  t h e  t u r b u l e n t  c o r e  t h e r e  i s  e x p e r i m e n t a l  
e v i d e n c e  (69) t o  t h e  c o n t r a r y .  G i l l i l a n d  and Yoshida a l s o  n e g l e c t e d  t h e  
p o s s i b l e  i n f l u e n c e  o f  p h y s i c a l  p r o p e r t i e s  i n  t h e  t u r b u l e n t  c o r e .  
Ana l o q i e s  
A n o t h e r  approach  t o  mass t r a n s f e r  i n  t u r b u l e n t  f l o w  i s  b a s e d  on 
t h e  s i m i l a r i t y  of  t h e  p r o c e s s e s  o f  mass t r a n s f e r ,  h e a t  t r a n s f e r ,  and 
momentum t r a n s f e r .  S i n c e  each  o f  t h e s e  p r o c e s s e s  depends  on m o l e c u l a r  
p r o p e r t i e s  and on t h e  mot ion  of  e d d i e s  i n  t h e  t u r b u l e n t  s t r e a m ,  i t  i s  
r e a s o n a b l e  t o  assume t h a t  t h e y  a r e  c1osel .y r e l a t e d .  In  f a c t ,  i t  can be 
d e m o n s t r a t e d  (78) t h a t  u n d e r  c e r t a i n  i d e a l i z e d  c o n d i t i o n s  t h e  t h r e e  t r a n s  
p o r t  p r o c e s s e s  a r e  m a t h e m a t i c a l l y  a n a l o g o u s  i n  t h e  s e n s e  t h a t  an e q u a t i o n  
d e r i v e d  f o r  one  o f  t h e  p r o c e s s e s  can be  t r a n s f o r m e d  i n t o  a  v a l i d  r e p r e -  
s e n t a t i o n  o f  e i t h e r  o f  t h e  o t h e r  two by an a p p r o p r i a t e  change  o f  v a r -  
i a  b l  e s  . 
The a n a l o g i e s  among t h e  t r a n s p o r t  p r o c e s s e s  h a v e  r e c e i v e d  con- 
s i d e r a b l e  a t t e n t i o n  and t h e  l i t e r a t u r e  on t h e  s u b j e c t  i s  q u i t e  e x t e n s i v e ;  
however,  Sherwood (79) h a s  r e c e n t l y  p r o v i d e d  an e x c e l l e n t  c r i t i c a l  r e v i e w  
o f  t h i s  g e n e r a l  t o p i c .  Sherwood p o i n t s  o u t  t h a t  b a s i c a l l y  most o f  t h e  
a n a l o g i e s  d i f f e r  o n l y  i n  t h e i r  t r e a t m e n t  o f  t h e  v a r i a t i o n  o f  t h e  d e g r e e  
o f  t u r b u l e n c e  w i t h  r a d i a l  p o s i t i o n  and t h a t  f o r  Schmidt  o r  P r a n d t l  num- 
b e r s  c i o s e  t o  u n i t y  t h e y  a r e  a l l  i n  c l o s e  ag reemen t .  Hence t h e  p u r p o s e  
o f  t h i s  i n v e s t i g a t i o n  can be  s e r v e d  by c o n s i d e r i n g  o n l y  one  o f  t h e s e  
a n a l o g i e s .  
P e r h a p s  t h e  b e s t  known and. most w i d e l y  u s e d  a n a l o g y  is t h a t  o f  
C h i l t o n  and Co lburn  ( 8 0 ) ( 8 1 ) .  These  a u t h o r s  m o d i f i e d  t h e  a n a l o g y  be- 
tween h e a t  t r a n s f e r  and f l u i d  f r i c t i o n ,  a s  c o n c e i v e d  by Reyno lds ,  by 
i n t r o d u c i n g  an e m p i r i c a l  c o r r e c t i o n  f o r  t h e  e f f e c t  of  m o l e c u l a r  p r o p e r -  
t i e s  and l a t e r  e x t e n d i n g  t h e  a n a l o g y  t o  i n c l u d e  mass t r a n s f e r .  The 
a n a l o g y  i s  c o n v e n i e n t l y  summarized i n  t e r m s  o f  t h e  " j - f a c t o r s " :  
The f r i c t i o n  f a c t o r  f o r  f l o w  i n  smooth p i p e s  can be e x p r e s s e d  
e m p i r i c a l l y  (82) a s  
Combining e q u a t i o n s  (82) and ( 8 3 ) ,  t h e  Chi l ton-Colburn  analogy 
may   hen be e x p r e s s e d  a s  
or alternatively as 
There  i s  c o n s i d e r a b l e  exper imenta l  ev idence  conf i rming  t h e  q u a l i -  
t a t i v e  v a l i d i t y  of t h e  g e n e r a l  ana logy  among t h e  t r a n s p o r t  p r o c e s s e s .  
For  example, h e a t  t r a n s f e r  d a t a  f o r  t u r b u l e n t  f low i n  p i p e s  (82) h a s  
been c o r r e l a t e d  by 
which may be compared w i t h  
f o r  mass t r a n s f e r  i n  t u r b u l e n t  f low.  Jackson  (33) compared jD f a c t o r s  
d e r i v e d  from d i s t i l l a t i o n  d a t a  w i t h  f r i c t i o n  f a c t o r s  and found jD and 
~ / 2  t o  be i n  good agreement.  
J o h n s t o n e  and P i g f o r d  (28) found t h a t  t h e  S h i l t o n - C o l b u r n  analogy 
p r e d i c t e d  v a l u e s  of  ~ ~ / d  abou t  30 p e r  c e n t  h i g h e r  t h a n  were a c t u a l l y  
o b s e r v e d  alJchough a  2/3 power on t h e  Schmfdt  g r o u p  c o r r e l a t e d  t h e  d a t a  
o v e r  a  Schmidt  number r a n g e  o f  0.54 t o  0 .72 .  G i l l i l a n d  and Sherwood's  
d a t a  (18) c o v e r  t h e  w i d e s t  r a n g e  o f  Schmidt  numbers (0.60 t o  2 .26)  t h a t  
have  been i n v e s t i g a t e d  i n  v a p o r  p h a s e  mass t r a n s f e r  and  t h e r e f o r e  o f f e r  
t h e  b e s t  t e s t  o f  t h e  a n a l o g y .  A s  e q u a t i o n  (61 )  shows, t h e  d a t a  a r e  c o r -  
r e l a t e d  by a  Schmidt  number exponen t  o f  0 . 4 4  i n s t e a d  o f  t h e  exponent  
0 . 3 3  p r e d i c t e d  by t h e  a n a l o g y .  Yosh ida ' s  d a t a  ( 3 4 ) ,  which c o v e r e d  a  
Schmidt  number r a n g e  o f  0 . 4 1  t o  0 . 7 4 ,  c o u l d  n o t  be c o r r e l a t e d  by any 
o f  t h e  r e l a t i o n s  which i n c l u d e d  t h e  Schmidt  number r a i s e d  t o  a f r a c -  
t i o n a l  power. 
T r e y b a l  (82) s u g g e s t s  t h a t  t h e  d i s c r e p a n c y  i n  t h e  Schmidt  g r o u p  
exponent  i s  p r o b a b l y  due  t o  e x p e r i m e n t a l  e r r o r  and t h u s  d o e s  n o t  r e a l l y  
e x i s t .  However, i f  t h e  e x p e r i m e n t a l  e r r o r s  a r e  l a r g e  enough t o  a c c o u n t  
f o r  t h e  d i s c r e p a n c y  it seems much more l o g i c a l  t o  c o n c l u d e  t h a t  t h e  
a n a l o g y  h a s  n o t  r e a l l y  been e x p e r i m e n t a l l y  v e r i f i e d  f o r  v a p o r  p h a s e  mass 
t r a n s f e r .  A s  Sherwood (76) h a s  p o i n t e d  o u t ,  t h e  r a n g e  o f  Schmidt  num- 
b e r s  which h a s  been i n v e s t i g a t e d  is s i m p l y  t o o  na r row t o  s e t t l e  t h i s  
d i s c r e p a n c y  on t h e  b a s i s  o f  t h e  a v a i l a b l e  d a t a .  
The f a c t  t h a t  a  d i s c r e p a n c y  e x i s t s  and t h a t  i t  can b e  r e c o n c i l e d  
o n l y  by e x p e r i m e n t  emphas i zes  t h e  fundamen ta l  l i m i t a t i o n  o f  t h e  g e n e r a l  
a n a l o g y  c o n c e p t .  A l l  of  t h e  a n a l o g i e s  depend on e x p e r i m e n t a l  d a t a  n o t  
o n l y  f o r  t h e i r  v e r i f i c a t i o n  b u t  a l s o  f o r  t h e i r  d e r i v a t i o n .  F o r  example,  
t h e  2/3 power on t h e  Schmidt  g r o u p  i n  t h e  C h i l t o n - C o l b u r n  a n a l o g y  was 
t a k e n  by a n a l o g y  w i t h  t h e  e m p i r i c a l l y  d e t e r m i n e d  2/3 power on t h e  P r a n d t l  
g r o u p .  I n  more s o p h i s t i c a t e d  a n a l o g i e s  ( 7 9 )  t h e  e m p i r i c i s m  e n t e r s  a s  an 
e x p e r i m e n t a l l y  d e t e r m i n e d  v e l o c i t y  p r o f i l e  o r  i n  t h e  form of  " u n i v e r s a l "  
e m p i r i c a l l y  d e t e r m i n e d  c o n s t a n t s .  T h e r e f o r e ,  a n y  mass t r a n s f e r  equa-  
t i o n  d e r i v e d  by a n a l o g y  w i t h  h e a t  t r a n s f e r  o r  momentum t r a n s f e r  i s  r e a l l y  
n o t h i n g  more t h a n  a  t r a n s p o s e d  r e p r e s e n t a t i o n  o f  h e a t  o r  momentum t r a n s -  
f e r  d a t a ,  and  c o n s e q u e n t l y ,  i t s  a p p l i c a b i l i t y  unde r  c o n d i t i o n s  i n  any  way 
d i f f e r e n t  from t h o s e  e x i s t i n g  d u r i n g  t h e  a c q u i s i t i o n  o f  t h e  o r i g i n a l  d a t a  
i s  q u e s t i o n a b l e ,  
From t h e  p o i n t  o f  v i e w  o f  t h i s  i n v e s t i g a t i o n ,  t h e  most  s e r i o u s  
l i m i t a t i o n  of  t h e  a n a l o g y  c o n c e p t  i s  t h a t  i t  o f f e r s  no  t h e o r e t i c a l  b a s i s  
f o r  p r e d i c t i n g  t h e  e f f e c t  o f  r e d u c e d  p r e s s u r e  on d i s t i l l a t i o n .  However, 
t h e  d a t a  o f  t h i s  i n v e s t i g a t i o n  w i l l  p r o v i d e  a  t e s t  o f  t h e  a n a l o g y  con- 
c e p t  u n d e r  c o n d i t i o n s  somewhat d i f f e r e n t  t h a n  h a v e  h i t h e r t o  been examined .  
P r e d i c t i o n  of t h e  E f f e c t  o f  Reduced P r e s s u r e  
Lamina r  Flow 
I n  t h e  r e g i o n  of  l a m i n a r  v a p o r  f l o w  t h e  t h e o r e t i c a l  e q u a t i o n  
o r i g i n a l l y  d e r i v e d  by Westhaver  ( 6 3 )  and  m o d i f i e d  by t h e  p r e s e n t  a u t h o r  
i s  a v a i l a b l e :  
The t e r m  D,, / i,, i s  due t o  back  d i f f u s i o n  and  i s  n e g l i g i b l e  f o r  
t h e  r a n g e  o f  v e l o c i t i e s  n o r m a l l y  a t t a i n a b l e  ( 6 3 )  i n  l a m i n a r  f l o w .  Hence,  
e q u a t i o n  (37) may b e  w r i t t e n  a s  
There fo re ,  a t  c o n s t a n t  vapor  v e l o c i t y  t h e  e f f i c i e n c y  shou ld  be  
) i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  v o l u m e t r i c  d i f f u s i o n  c o e f f i c i e n t .  Exper i -  
m e n t a l l y  ( 8 3 ) ,  D,, i s  found t o  be i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  p r e s s u r e  
and approx imate ly  p r o p o r t i o n a l  t o  t h e  3/2 power of t h e  a b s o l u t e  tempera- 
t u r e .  T h e r e f c r e  
P - - .  , (Uv = c o n s t a n t )  
H~ a T3/2 
I n  d i s t i l l a t i o n  columns t h e  o p e r a t i n g  t e m p e r a t u r e  and o p e r a t i n g  
p r e s s u r e  a r e  r e l a t e d  by t h e  r e q u i r e m e n t s  of p h a s e q u i l i b r i u m .  Conse- 
q u e n t l y ,  a  r e d u c t i o n  i n  p r e s s u r e  is  accompanied by a  r e d u c t i o n  i n  o p e r a t -  
i n g  t e m p e r a t u r e .  S i n c e  t h e  p r e s s u r e - t e m p e r a t u r e  r e l a t i o n  is  l o g a r i t h m i c  
(84),  t h e  p r e s s u r e  d e c r e a s e s  f a s t e r  t h a n  t h e  t e m p e r a t u r e .  T h e r e f o r e ,  a c -  
c o r d i n g  t o  e q u a t i o n  (88), t h e  n e t  e f f e c t  of a  d e c r e a s e  i n  p r e s s u r e  a t  
c o n s t a n t  vapor  v e l o c i t y  would be a  d e c r e a s e  i n  HG; i . e . ,  an i n c r e a s e  i n  
e f f i c i e n c y .  
The magnitude o f  t h e  p r e s s u r e  e f f e c t  depends on t h e  m i x t u r e  be ing  
d i s t i l l e d  b u t  an e s t i m a t e  of  t h e  o r d e r  of  magnitude t o  be expec ted  can 
be  made by c a l c u l a t i n g  t h e  expec ted  change i n  HG f o r  t h e  ch lo robenzene-  
e t h y l b e n z e n e  m i x t u r e  used  i n  t h i s  i n v e s t i g a t i o n .  A t  a  p r e s s u r e  of  736 
m i l l i m e t e r s  of mercury t h e  o p e r a t i n g  t e m p e r a t u r e  would be approx imate ly  
133 d e g r e e s  c e n t i g r a d e  and a t  20 m i l l i m e t e r s  of mercury t h e  t e m p e r a t u r e  
would be about  38 d e g r e e s  c e n t i g r a d e .  Then, 
A t  c o n s t a n t  v a p o r  v e l o c i t y  a  4 0 - f o l d  r e d u c t i o n  i n  p r e s s u r e  would t h e r e -  
f o r e  b e  e x p e c t e d  t o  c a u s e  a  2 5 - f o l d  i n c r e a s e  i n  e f f i c i e n c y .  
A p r e d i c t i o n  of  t h e  e f f e c t  o f  p r e s s u r e  a t  c o n s t a n t  v a p o r  Reynolds  
number may be  made by p u t t i n g  e q u a t i o n  (87) i n  t h e  form 
Then a t  c o n s t a n t  v a p o r  Reynolds  number t h e  e f f i c i e n c y  s h o u l d  be  d i r e c t l y  
p r o p o r t i o n a l  t o  t h e  Schmidt  number. 
S imple  k i n e t i c  t h e o r y  (85) p r e d i c t s  t h a t  t h e  Schmidt  number o f  
a  g a s  s h o u l d  be  a  c o n s t a n t  i n d e p e n d e n t  o f  t e m p e r a t u r e  and  p r e s s u r e ;  
however,  when t h e  i n f l u e n c e  o f  i n t e r m o l e c u l a r  f o r c e s  on t h e  v i s c o s i t y  
is i n c l u d e d ,  t h e  Schmidt  number i s  found  t o  be  a  f u n c t i o n  o f  t h e  temp- 
e r a t u r e ,  
Assuming t h e  d e n s i t y  t o  b e  g i v e n  by t h e  i d e a l  g a s  law, t h e  
Schmid t  number may be e x p r e s s e d  a s  
A t  low p r e s s u r e s  t h e  v i s c o s i t y  of  a g a s  i s  i n d e p e n d e n t  o f  t h e  
p r e s s u r e ,  and  t h e  t e m p e r a t u r e  dependency can be  a p p r o x i m a t e d  e m p i r i c a l l y  
(86) by a  r e l a t i o n  o f  t h e  form 
S u b s t i t u t i n g  t h i s  r e l a t i o n  i n t o  e q u a t i o n  (91)  y i e l d s  
f rom which it can be seen  t h a t  t h e  d e c r e a s e  i n  t e m p e r a t u r e  accompanying 
a  d e c r e a s e  i n  o p e r a t i n g  p r e s s u r e  c a u s e s  a  d e c r e a s e  i n  t h e  Schmidt  number. 
A c a l c u l a t i o n  b a s e d  on t h e  c h l o r o b e n z e n e - e t h y l b e n z e n e  m i x t u r e  
shows t h a t  a t  736 m i l l i m e t e r s  of  mercu ry  t h e  Schmidt  number i s  0 .679 
w h i l e  a t  20 m i l l i m e t e r s  of  mercury  t h e  Schmidt  number is 0 .632.  These  
f i g u r e s  may b e  t a k e n  a s  i n d i c a t i v e  o f  t h e  g e n e r a l  magni tude  of  t h e  
e f f e c t  . 
Apply ing  t h e s e  v a l u e s  t o  e q u a t i o n  (90 )  y i e l d s  
Thus, a t  c o n s t a n t  v a p o r  Reynolds  number a 4 0 - f o l d  r e d u c t i o n  i n  o p e r a t i n g  
p r e s s u r e  would be e x p e c t e d  t o  c a u s e  a b o u t  a  7  p e r  c e n t  i n c r e a s e  i n  e f f i -  
c i e n c y .  
T u r b u l e n t  Flow 
I n  t h e  r e g i o n  o f  t u r b u l e n t  v a p o r  f l o w  a  number o f  e m p i r i c a l  c o r -  
r e l a t i o n s  a r e  a v a i l a b l e .  Tha t  o f  G i l l i l a n d  and Sherwood (18 )  may be 
t a k e n  a s  t y p i c a l  o f  t h o s e  d e r i v e d  from d i m e n s i o n a l  a n a l y s i s :  
The r emarks  p r e v i o u s l y  made c o n c e r n i n g  t h e  v a r i a t i o n  of  t h e  
Schmidt  number w i t h  p r e s s u r e  i n  l a m i n a r  f l o w  a r e  a p p l i c a b l e  i n  t u r b u -  
l e n t  f low;  i . e . ,  a  d e c r e a s e  i n  p r e s s u r e  c a u s e s  a  s l i g h t  d e c r e a s e  i n  
t h e  Schmidt  number. 
Accord ing  t o  e q u a t i o n  (61)  a  d e c r e a s e  i n  t h e  Schmidt  number a t  
c o n s t a n t  vapor  Reynolds  number would c a u s e  a  d e c r e a s e  i n  d / ~ ,  t h a t  i s ,  
a n  i n c r e a s e  i n  t h e  e f f e c t i v e  f i l m  t h i c k n e s s .  In  v i e w  o f  t h e  d e f i n i t i o n  
of t h e  e f f e c t i v e  f i l m  t h i c k n e s s  t h i s  must b e  i n t e r p r e t e d  a s  an i n c r e a s e  
i n  t h e  o v e r a l l  r e s i s t a n c e  t o  mass t r a n s f e r  and,  c o n s e q u e n t l y ,  a  d e c r e a s e  
i n  e f f i c i e n c y .  But  a c c o r d i n g  t o  e q u a t i o n  (621, a  d e c r e a s e  i n  t h e  Schmidt  
number a t  c o n s t a n t  v a p o r  Reynolds  number would c a u s e  a  d e c r e a s e  i n  ~ ~ / d  
and t h i s  must be  i n t e r p r e t e d  a s  an i n c r e a s e  i n  e f f i c i e n c y .  T h e r e f o r e ,  
e q u a t i o n s  (61)  and (62 )  p r e d i c t  o p p o s i t e  e f f e c t s  f o r  a r e d u c t i o n  i n  
p r e s s u r e  a t  c o n s t a n t  v a p o r  Reynolds  ngmber. 
As h a s  been p r e v i o u s l y  p o i n t e d  o u t ,  e q u a t i o n s  (61 )  and  ( 6 2 )  a r e  
e n t i r e l y  e q u i v a l e n t  i n  b o t h  a  n u m e r i c a l  and  c o n c e p t u a l  s e n s e .  T h e r e f o r e ,  
t h e  f a c t  t h a t  t h e y  p r e d i c t  p r e c i s e l y  o p p o s i t e  e f f e c t s  f o r  a  d e c r e a s e  i n  
p r e s s m e  a t  c o n s t a n t  v a p o r  Reynolds  number must mean t h a t  t h e  e f f e c t  o f  
t h e  Schmidt  number canno t  be  e x p r e s s e d  by a power law r e p r e s e n t a t i o n ,  
and  h e n c e ,  n e i t h e r  e q u a t i o n  (61)  n o r  e q u a t i o n  (42)  n o r  any  o t h e r  e q u a t i o n  
which i n c l u d e s  t h e  Schmidt  number r a i s e d  t o  a f r a c t i m a l  power can be ex -  
p e c t e d  t o  p r e d i c t  t h e  e f f e c t .  o f  r e d u c e d  p r e s s u r e  on d i s t i l l a t i o n  e f f i -  
c i  ency .  
I t  i s  o f  i n t e r e s t  t h a t  a l t h o u g h  e q u a t i o n  (62 )  c a n n o t  p r e d i c t  t h e  
e f f e c t  o f  r e d u c e d  p r e s s u r e  i n  d i s t i l l a t i o n  i t  s u c c e s s f u l l y  c o r r e l a t e s  
v a p o r i z a t i o n  d a t a  (18 )  o v e r  a  r a n g e  o f  t o t a l  p r e s s u r e s  f rom 110 t o  2330 
m i l l i m e t e r s  o f  mercury .  An e x a m i n a t i ~ n  o f  t h e  e f f e c t  o f  p r e s s u r e  i n  
v a p o r i z a t i o n  a s  compared t o  d i s t i l l a t i o n  w i l l  r e s o l v e  t h i s  a p p a r e n t  con- 
f l i c t .  
A s  h a s  been p r e v i o u s l y  s t a t e d ,  i n  d i s t i l l a t i o n  t h e  o p e r a t i n g  temp- 
e r a t u r e  and p r e s s u r e  a r e  r e l a t e d  by t h e  r e q u i r e m e n t s  o f  p h a s e  e q u i l i b -  
r ium.  I n  v a p o r i z a t i o n  i n t o  an i n e r t  a tmosphe re  t h e  t e m p e r a t u r e  and  p r e s -  
s u r e  may b e  v a r i e d  i n d e p e n d e n t l y  o v e r  a  wide  r a n g e .  T h i s  i s  t h e  r e a s o n  
why G i l l i l a n d  and Sherwood 's  d a t a  were  o b s e r v e d  t o  be i n d e p e n d e n t  o f  t h e  
t o t a  1 p r e s s u r e .  
I t  h a s  been d e m o n s t r a t e d  t h a t  t h e  Schmidt  number i s  i n d e p e n d e n t  
o f  t h e  p r e s s u r e  p e r  s e  and depends  a p p r o x i m a t e l y  on t h e  t e m p e r a t u r e  a s  
shown by t h e  f o l l o w i n g  r e l a t i o n :  
T h e r e f o r e ,  i n  v a p o r i z a t i o n  t h e  Schmidt  number would be  i n d e p e n d e n t  
o f  t h e  t o t a l  p r e s s u r e  and  would depend o n l y  on t h e  t e m p e r a t u r e .  
A l though  G i l l i l a n d  and Sherwood v a r i e d  t h e  p r e s s u r e  o v e r  a  wide 
r a n g e  t h e y  m a i n t a i n e d  t h e  t e m p e r a t u r e  e s s e n t i a l l y  c o n s t a n t  f o r  e a c h  
s e r i e s  o f  r u n s  w i t h  a  g i v e n  l i q u i d .  Thus,  t h e  Schmidt  number was n e c e s -  
s a r i l y  i n d e p e n d e n t  o f  t h e  p r e s s u r e  f o r  e a c h  s u c h  s e r i e s  o f  r u n s  and con- 
s e q u e n t l y  t h e  v a p o r i z a t i o n  d a t a  showed no  t r e n d  w i t h  p r e s s u r e  w i t h i n  a  
s e r i e s  o f  r u n s  w i t h  a  g i v e n  l i q u i d .  
The e f f e c t  o f  r e d u c e d  p r e s s u r e  a s  p r e d i c t e d  by any  e q u a t i o n  which 
i n c l u d e s  . the  Schmidt  number r a i s e d  t o  a  f r a c t i o n a l  power w i l l  depend on 
w h e t h e r  t h e  e q u a t i o n  i s  w r i t t e n  i n  t e r m s  o f  H ~ /  d  o r  d / ~ .  T h e r e f o r e ,  
t h e  J o h n s t o n e  and  P i g f o r d  ( 2 8 )  c o r r e l a t i o n s  f o r  d i s t i l l a t i o n  
and  t h e  C h i l t o n - C o l b u r n  (80) (81) e q u a t i o n s  
a r e  a l s o  e n t i r e l y  i n a d e q u a t e  f o r  t h e  p r e d i c t i o n  of  t h e  e f f e c t  o f  r e d u c e d  
p r e s s u r e  on d i s t i l l a t i o n  e f f i c i e n c y  i n  t h e  r e g i o n  o f  t u r b u l e n t  v a p o r  
f l o w .  
T h e r e  r e m a i n s  t h e  r e s u l t s  o f  t h e  t u r b u l e n t  c o r e - l a m i n a r  l a y e r  
c o n c e p t  a p p l i e d  by G i l l i l a n d  (35)  and  Yoshida ( 3 4 ) .  G i l l i l a n d  c o r r e -  
l a t e d  t h e  p r e v i o u s l y  d i s c u s s e d  v a p o r i z a t i o n  d a t a  (18 )  by t h i s  c o n c e p t  
and  found  t h a t  t h e  e m p i r i c a l  e q u a t i o n  
r e p r e s e n t e d  t h e  v a p o r i z a t i o n  d a t a  e q u a l l y  a s  w e l l  a s  e q u a t i o n  ( 6 1 ) .  
A c c o r d i n g  t o  e q u a t i o n  (80 )  a  d e c r e a s e  i n  p r e s s u r e  would c a u s e  
a  d e c r e a s e  i n  t h e  o v e r a l l  r e s i s t a n c e  t o  mass t r a n s f e r  a t  c o n s t a n t  
vapor  Reynolds number because  of  t h e  r a p i d  i n c r e a s e  o f  t h e  v o l u m e t r i c  
d i f f u s i o n  c o e f f i c i e n t ,  DV, w i t h  d e c r e a s i n g  p r e s s u r e  (D" a T ~ / ~ / P  
and p i n c r e a s e s  f a s t e r  t h a n  T~/~)). Consequent ly ,  t h i s  e q u a t i o n  p r e -  
d i c t s  an i n c r e a s e  i n  e f f i c i e n c y  f o r  a  d e c r e a s e  i n  p r e s s u r e  a t  c o n s t a n t  
vapor  Reynolds number. 
The c o r r e l a t i o n  deve loped  by Yoshida from d i s t i l l a t i o n  d a t a  (34) 
i s  g iven  by 
The molar d i f f u s i o n  c o e f f i c i e n t ,  Dm' i s  r e l a t e d  t o  t h e  vo lu -  
m e t r i c  d i f f u s i o n  c o e f f i c i e n t ,  DV,  by 
Then, s i n c e  DV o T S / ~ / P ,  i t  f o l l o w s  t h a t  
S i n c e  a  d e c r e a s e  i n  p r e s s u r e  i s  accompanied by a  d e c r e a s e  i n  
t e m p e r a t u r e  and hence a  d e c r e a s e  i n  Dm, e q u a t i o n  (81) p r e d i c t s  t h a t  
a  d e c r e a s e  i n  p r e s s u r e  a t  c o n s t a n t  vapor  Reynolds number would cause  a 
d e c r e a s e  i n  t h e  e f f e c t i v e  f i l m  t h i c k n e s s  and t h e r e f o r e  an i n c r e a s e  i n  
t h e  e f f i c i e n c y .  
Equa t ion  (81)  may be r e a r r a n g e d  by t h e  u s e  of  e q u a t i o n  (54) t o  
g i v e  
Both  Dm and  Sc,, d e c r e a s e  w i t h  d e c r e a s i n g  p r e s s u r e .  T h e r e f o r e ,  
e q u a t i o n  (97) p r e d i c t s  t h a t  a  d e c r e a s e  i n  p r e s s u r e  a t  c o n s t a n t  v a p o r  
Reyno lds  number would c a u s e  a  d e c r e a s e  i n  ~ ~ / d  and c o n s e q u e n t l y  an 
i n c r e a s e  i n  t h e  e f f i c i e n c y ,  a  r e s u l t  i n  ag reemen t  w i t h  t h e  p r e d i c t i o n  
of  e q u a t i o n  (81) i n  t e r m s  o f  d / ~ .  
S i n c e  t h e r e  i s  no c o n f l i c t  i n  i n t e r p r e t a t i o n  i n h e r e n t  i n  t h e  ap-  
p l i c a t i o n  o f  t h e  t u r b u l e n t  c o r e - l a m i n a r  l a y e r  c o n c e p t ,  i t  is  c o n c l u d e d  
t h a t  e q u a t i o n s  ( 8 0 ) ,  (81) ,  and  (97) form a  r e a s o n a b l e  b a s i s  f o r  a  q u a l i -  
t a t i v e  p r e d i c t i o n  of  t h e  e f f e c t  o f  r e d u c e d  p r e s s u r e  on d i s t i l l a t i o n  
e f f i c i e n c y  i n  t h e  r e g i o n  of  t u r b u l e n t  v a p o r  f l ow .  
T r a n s i t i o n a l  Flow - 
No mass t r a n s f e r  t h e o r y  a p p l i c a b l e  t o  t h e  r e g i o n  o f  t r a n s i t i o n a l  
v a p o r  f l o w  i s  a v a i l a b l e  and  t h e r e  i s  o n l y  one  s e t  o f  e x p e r i m e n t a l  d a t a  
( 3 6 )  i n  t h e  l i t e r a t u r e  t h a t  c o v e r s  t h i s  r e g i o n .  T h e r e f o r e ,  t h e r e  i s  
n o t h i n g  i n  t h e  work of p r e v i o u s  i n v e s t i g a t o r s  t h a t  c o u l d  s e r v e  a s  a  b a s i s  
f o r  t h e  p r e d i c t i o n  of  t h e  e f f e c t  o f  r e d u c e d  p r e s s u r e  i n  t h e  t r a n s i t i o n  
r e g i o n .  
Summary - 
I n  t h e  r e g i o n  o f  l a m i n a r  v a p o r  f l o w  W e s t h a v e r ' s  e q u a t i o n ,  e q u a t i o n  
(84), p r e d i c t s  t h a t  a  d e c r e a s e  i n  p r e s s u r e  a t  c o n s t a n t  v a p o r  v e l o c i t y  
would c a u s e  an i n c r e a s e  i n  d i s t i l l a t i o n  e f f i c i e n c y .  
I n  t h e  r e g i o n  of  t u r b u l e n t  v a p o r  f l o w  t h e  c o n v e n t i o n a l  c o r r e -  
l a t i o n s  c a n n o t  p r e d i c t  t h e  e f f e c t  o f  r e d u c e d  p r e s s u r e ;  however,  t h e  
t u r b u l e n t  c o r e - l a m i n a r  l a y e r  c o n c e p t  p r e d i c t s  t h a t  a  d e c r e a s e  i n  
p r e s s u r e  a t  c o n s t a n t  v a p o r  Reynolds  number would c a u s e  an i n c r e a s e  i n  
d i s t i l l a t i o n  e f f i c i e n c y .  
No d i s t i l l a t i o n  t h e o r y  app1 icab l . e  t o  t h e  r e g i o n  of  t r a n s i t i o n a l  
v a p o r  f l o w  was found  i n  t h e  l i t e r a t u r e .  
A compar ison  of  t h e  e x p e r i m e n t a l  r e s u l t s  o b t a i n e d  i n  t h i s  i n -  
v e s t i g a t i o n  w i t h  t h e  p r e d i c t i o n s  f rom t h e  t h e o r y  p r e s e n t e d ,  b a s e d  on 
e q u a t i o n s  (81), (87 j ,  a n d  ( 9 7 ) ,  i s  g i v e n  i n  C h a p t e r  V I ,  RESULTS AND 
D ISCUSS ION. 
CHAPTER I11 
APPARATUS 
G e n e r a l  
The a p p a r a t u s  u s e d  i n  t h i s  i n v e s t i g a t i o n  c o n s i s t e d  o f  a  w e t t e d  
w a l l  d i s t i l l a t i o n  column and  a u x i l i a r y  equipment  r e q u i r e d  f o r  o p e r a t i o n  
u n d e r  vacuum. P r o v i s i o n s  f o r  t h e  m a i n t e n a n c e  o f  a d i a b a t i c  o p e r a t i n g  
c o n d i t i o n s ,  t h e  withdrawal .  o f  s a m p l e s ,  and  t h e  measurement  and c o n t r o l  
of  t e m p e r a t u r e ,  p r e s s u r e , a n d  b o i l - u p  r a t e  were  i n c l u d e d  i n  t h e  d e s i g n .  
The e n t i r e  column, e x c l u s i v e  of  c o n t r o l  e l e m e n t s ,  was mounted on 
a  f r a m e  t e n  f e e t  t a l l ,  c o n s t r u c t e d  f rom o n e - h a l f  i n c h  aluminum r o d .  
E l e m e n t s  o f  t h e  column were  a t t a c h e d  t o  t h e  f r a m e  by s t a n d a r d  a p p a r a t u s  
c l amps .  A l l  p a r t s  of  t h e  a p p a r a t u s  i n  c o n t a c t  w i t h  t h e  t e s t  m i x t u r e  
were  c o n s t r u c t e d  o f  g l a s s .  
A p h o t o g r a p h  and  a  s c h e m a t i c  d rawing  o f  t h e  a p p a r a t u s  showing 
t h e  r e l a t i o n s h i p  among t h e  v a r i o u s  p a r t s  a r e  g i v e n  i n  F i g u r e s  1 and 2, 
r e s p e c t i v e l y .  The d e t a i l s  o f  t h e  d e s i g n  and  c o n s t r u c t i o n  o f  t h e  a p p a r a -  
t u s  a r e  d i s c u s s e d  i n  s u c c e e d i n g  s e c t i o n s  of  t h i s  c h a p t e r .  
S t i l l ,  T e s t  S e c t i o n ,  and  Condense r  
The s t i l l  c o n s i s t e d  o f  a  s t a n d a r d  t w o - l i t e r ,  h e a v y  w a l l ,  g l a s s  
f i l t e r i n g  f l a s k  m o d i f i e d  t o  i n c l u d e  a  t h e r m o c o u p l e  w e l l  a n d  a  c h a r g i n g  
l i n e .  The f l a t  b o t t o m  a f f o r d e d  by t h i s  d e s i g n  made i t  p o s s i b l e  t o  s t i r  
m a g n e t i c a l l y  t h e  t e s t  m i x t u r e  i n  t h e  s t i l l  and  t h u s  e l i m i n a t e  bumping 
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A. Still 
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E. Reflux Distributor 
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J . Upper Sampling System 
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Figure 2 .  Schematic Drawing of Column. 
d u r i n g  vacuum o p e r a t i o n .  S t i r r i n g  was accomplished by p l a c i n g  a  small 
g l a s s  encased magnet i n s i d e  t h e  s t i l l  and t h e n  mounting t h e  s t i l l  on a  
"Gyratherm" magne t i c  s t i r r e r .  The s t i l l  and s t i r r e r  a r e  shown i n  F i g -  
u r e  3. 
l n e  s t i l l  was a t t a c h e d  to t h e  lower  calming s e c t i o n  by a  s t a n d a r d  
s p h e r i c a l ,  ground g l a s s  j o i n t .  Th i s  s e c t i o n  was c o n s t r u c t e d  from a  length 
of 22 m i l l i m e t e r  I .  D .  g l a s s  t u b i n g  and i n c l u d e d  a  45 d e g r e e  o f f s e t  t o  
e l i m i n a t e  l i q u i d  e n t r a i n m e n t .  The o v e r a l l  l e n g t h  of  t h e  lower calming 
s e c t i o n  was approx imate ly  32 c e n t i m e t e r s .  The lower calming s e c t i o n  
was j o i n e d  t o  t h e  bottom of t h e  t e s t  s e c t i o n  by a  s t a n d a r d  s p h e r i c a l  
ground g l a s s  j o i n t .  
The t e s t  s e c t i o n  was c o n s t r u c t e d  from 19 m i l l i m e t e r  I. D . ,  s t a n d -  
a r d  w a l l  g l a s s  t u b i n g  and p rov ided  a  mass t r a n s f e r  l e n g t h  o f  125.1 c e n t i -  
m e t e r s .  Even d i s t r i b u t i o n  of t h e  r e f l u x  l i q u i d  on t h e  t e s t  s e c t i o n  w a l l  
was a t t a i n e d  by means of a  b a f f l e d ,  w e i r - t y p e  r e f l u x  d i s t r i b u t o r  s e a l e d  
t o  t h e  t o p  o f  t h e  t e s t  s e c t i o n .  The d e t a i l s  of t h e  r e f l u x  d i s t r i b u t i o n  
d e v i c e  a r e  shown i n  F i g u r e  4. R e f l u x  was removed from t h e  w a l l  a t  t h e  
bottom of  t h e  t e s t  s e c t i o n  by f l a r i n g  o u t  t h e  t u b e  t o  32 m i l l i m e t e r s  
I .  D.  and c o l l e c t i n g  t h e  r e f l u x  below t h e  l e v e l  o f  vapor  e n t r y .  The r e -  
f l u x  was l e d  from t h e  bottom of t h e  t e s t  s e c t i o n  t o  t h e  lower  sampl ing 
sys tem by a  s h o r t  l e n g t h  of  g l a s s  t u b i n g .  The r e f l u x  removal p r o v i s i o n s  
a r e  shown i n  F i g u r e  5 .  A plumb bob was used  t o  i n s u r e  v e r t i c a l  a l i g n -  
ment d u r i n g  t h e  i n s t a l l a t i o n  of t h e  t e s t  s e c t i o n .  
The upper calming s e c t i o n  was a t t a c h e d  t o  t h e  t o p  of t h e  r e f l u x  
d i s t r i b u t o r  by a  s t a n d a r d  s p h e r i c a l ,  ground g l a s s  j o i n t .  Th i s  s e c t i o n  
Figure 3. Photograph of Still, Magnetic S t i r r e r ,  Lower Calming 
Section, Reflux Return Line, and Lower Sampling Sect ion .  
Figure 4. Photograph of Reflux Distributor. 

was c o n s t r u c t e d  f rom 22 m i l l i m e t e r  I. D.,  g l a s s  t u b i n g  and  was a p p r o x i -  
m a t e l y  45 c e n t i m e t e r s  i n  o v e r a l l  l e n g t h .  The uppe r  ca lming s e c t i o n  
s e r v e d  t o  conduc t  t h e  v a p o r  from t h e  t o p  o f  t h e  t e s t  s e c t i o n  t o  t h e  
c o n d e n s e r  and  was made l o n g  enough t o  p r o v i d e  s u f f i c i e n t  h e a d  f o r  g r a v -  
i t y  f l o w  o f  t h e  c o n d e n s a t e  beck t o  t h e  t o p  o f  t h e  t e s t  s e c t i o n .  
Vapor f rom t h e  uppe r  ca lming s e c t i o n  p a s s e d  t h r o u g h  a  r e c t i f i c a -  
t i o n  e l i m i n a t i o n  d e v i c e  b e f o r e  e n t e r i n g  t h e  condense r .  T h i s  d e v i c e  
p r e v e n t e d  mass t r a n s f e r  between t h e  e n t e r i n g  v a p o r  and t h e  c o n d e n s a t e  
l e a v i n g  t h e  condense r  by k e e p i n g  t h e  v a p o r  on t h e  w a l l  w h i l e  t h e  con- 
d e n s a t e  d ropped  r a p i d l y  t h r o u g h  t h e  c e n t e r .  T h i s  d e v i c e  is  shown i n  
F i g u r e  6. 
The condense r  was o f  t h e  c o l d - f i n g e r  t y p e  and had  a  40 c e n t i -  
m e t e r  j a c k e t  l e n g t h .  I t  was a t t a c h e d  t o  t h e  r e c t i f i c a t i o n  e l i m i n a t i o n  
d e v i c e  by a s t a n d a r d  s p h e r i c a l ,  g round  g l a s s  j o i n t .  Tap w a t e r  was u s e d  
- s  t h e  & d e n s i n g  medium. The c o n d e n s e r  i s  a l s o  shown i n  F i g u r e  6.  
L i q u i d  from t h e  condense r  d ropped  i n t o  a 30 cent imeter  l e n g t h  
o f  19 m i l l i m e t e r  I. D. ,  g l a s s  t u b i n g  which was i n c l i n e d  a b o u t  30 de-  
g r e e s  from t h e  h o r i z o n t a l .  T h i s  i n c l i n e d  t u b e  p r o v i d e d  a  l a r g e  a r e a  
t o  volume r a t i o  and  t h u s  smoothed o u t  v a r i a t i o n s  i n  h e a d  which would 
h a v e  c a u s e d  f l u c t u a t i o n s  i n  t h e  f l o w  measu r ing  r o t o m e t e r .  
Rotomet e r  
The r e f l u x  r a t e  was measured  by a  s m a l l  g l a s s  r o t o m e t e r  ( ~ c e  
G l a s s  I n c o r p o r a t e d ,  V ine land ,  New J e r s e y ,  C a t a l o g  No. 3 5 7 5 ~ )  which i n -  
c l u d e d  b o t h  a P y r e x  and a  s t a i n l e s s  s t e e l  f l o a t  and hence  c o v e r e d  a  wide  
Figure 6. Photograph of  Upper Calming Section, R e c t i f i c a t i o n  
El iminator ,  and Column Condenser. 
r a n g e  o f  f l o w  r a t e s .  The s c a l e  was 1 5 . 0  c e n t i m e t e r s  l ong  and was g r a d -  
u a t e d  i n  m i l l i m e t e r s .  The i n s t r u m e n t  i s  shown mounted i n  p o s i t i o n  i n  
F i g u r e  7.  
S i n c e  t h e  r o t o m e t e r  was q u i t e  s m a l l  and  employed s p h e r i c a l  f l o a t s  
an e l a b o r a t e  c a l i b r a t i o n  scheme was n e c e s s a r y  t o  a l l o w  f o r  t h e  e f f e c t s  
o f  d e n s i t y  and v i s c o s i t y  on t h e  f l o a t  h e i g h t  c o r r e s p o n d i n g  t o  a  g i v e n  
f l o w  s a t e .  A c o n s t a n t  head  a p p a r a t u s  c o n s t r u c t e d  by t h e  a u t h o r  was u s e d  
t o  o b t a i n  c a l i b r a t i o n  d a t a  f o r  c h l o r o b e n z e n e  a t  23 d e g r e e s  c e n t i g r a d e ,  
e t h y l b e n z e n e  a t  24 d e g r e e s  c e n t i g r a d e ,  and  w a t e r  a t  21 d e g r e e s  c e n t i g r a d e .  
I n  a d d i t i o n ,  f o u r  p o i n t s  f o r  e t h y l b e n z e n e  a t  31 d e g r e e s  c e n t i g r a d e  were  
o b t a i n e d .  These d a t a  a r e  summarized i n  T a b l e s  1 t h r o u g h  4 i n  Appendix 
11. 
The c a l i b r a t i o n  d a t a  were  c o r r e l a t e d  by a  scheme b a s e d  on dimen- 
s i o n a l  a n a l y s i s  (87) which c o n s i s t e d  o f  p l o t t i n g  t h e  f l o w  c o e f f i c i e n t ,  
K, v e r s u s  t h e  v i s c o u s  i n f l u e n c e  number, N ,  w i t h  f l o a t  n e i g h t ,  h f ,  a s  
a pa ramete r .  The q u a n t i t i e s  N and K a r e  d e f i n e d  by  t h e  f o l l o w i n g  
e q u a t i o n s :  
Figure 7. Photograph of Upper Sampling Sect ion,  Rotometer, 
and Reflux Heater. 
The c a l i b r a t i o n  d a t a  were  p l o t t e d  a s  Q v e r s u s  h f  and g r a p h i -  
c a l l y  smoothed.  The r e s u l t i n g  c u r v e s ,  i n  c o n j u n c t i o n  w i t h  e q u a t i o n s  (96) 
and ( 9 7 ) ,  were  u s e d  t o  c a l c u l a t e  v a l u e s  o f  N and K f o r  u n i t  i n c r e m e n t s  
o f  f l o a t  h e i g h t  f rom 1.0 t h r o u g h  15.0 c e n t i m e t e r s .  These  v a l u e s  were  
t h e n  u s e d  t o  p r e p a r e  a  c a l i b r a t i o n  c h a r t  o f  K v e r s u s  N ,  w i t h  f l o a t  
h e i g h t  a s  a  p a r a m e t e r .  The f l o a t  d a t a  r e q u i r e d  f o r  t h e  computa t ion  of  
N and  K a r e  g i v e n  i n  T a b l e  5 i n  Appendix 11. The c a l i b r a t i o n  c h a r t  
r e p r o d u c e d  t h e  c a l i b r a t i o n  d a t a  w i t h i n  k 5.0 p e r  c e n t  o v e r  t h e  e n t i r e  
r a n g e  o f  f l o a t  h e i g h t s .  
The p r o c e d u r e  u s e d  f o r  d e t e r m i n i n g  t h e  f l o w  r a t e  f o r  a g i v e n  
f l o a t  h e i g h t  was a s  f o l l o w s :  
(1) Va lues  o f  pL and  p were  c a l c u l a t e d  f o r  t h e  t e m p e r a t u r e  L 
and c o m p o s i t i o n  o f  t h e  r e f l u x .  
( 2 )  V a l u e s  o f  N and I .  C. were  t h e n  c a l c u l a t e d  from pL, 
PL ' and t h e  f l o a t  p r o p e r t i e s  g i v e n  i n  T a b l e  5 .  
( 3 )  U s i n g  N and  h f ,  K was r e a d  f rom t h e  c a l i b r a t i o n  c h a r t .  
(4) Then t h e  f l o w  r a t e  was c a l c u l a t e d  from e q u a t i o n  ( 9 7 ) .  
Sampl i n s  Sys tem 
L i q u i d  s a m p l e s  c o u l d  be  wi thdrawn a t  t h e  t o p  and bo t tom of t h e  
t e s t  s e c t i o n .  The u p p e r  s a m p l i n g  sys t em,  a s  shown i n  F i g u r e  7 ,  was 
l o c a t e d  between t h e  ro to rne te r  and t h e  r e f l u x  h e a t e r  and was d e s i g n e d  t o  
e l i m i n a t e  t h e  p o s s i b i l i t y  o f  o b t a i n i n g  a  sample  from a  s t a g n a n t  a r e a  
n o t  r e p r e s e n t a t i v e  o f  t h e  l i q u i d  b e i n g  f e d  t o  t h e  t o p  o f  t h e  t e s t  s e c -  
t i o n .  The h e a r t  o f  t h e  sampl ing  s y s t e m  was a 120 d e g r e e  a n g l e  b o r e ,  
h i g h  vacuum, p r e c i s i o n  g r a d e  s topcock .  I n  t h e  normal p o s i t i o n  (non- 
sampl ing)  t h e  r e f l u x  flowed t h r o u g h  t h e  s topcock  t o  t h e  r e f l u x  h e a t e r .  
When t h e  s topcock  was r o t a t e d  t o  t h e  sampl ing p o s i t i o n  t h e  m a t e r i a l  
t r a p p e d  i n  t h e  bore  of  t h e  p lug  flowed o u t ,  t h u s  g i v i n g  a  t r u e  i n s t a n -  
t a n e o u s  sample of t h e  l i q u i d  be ing  f e d  t o  t h e  t e s t  s e c t i o n ,  A smal l  
d i a m e t e r  g l a s s  t u b e  p rov ided  a  by-pass around t h e  s topcock ,  t h e r e b y  p r e -  
v e n t i n g  complete  i n t e r r u p t i o n  of f l o w  t o  t h e  t e s t  s e c t i o n  w h i l e  a  sample 
was be ing  t a k e n .  
An i c e  f i l l e d  Dewar-type condenser  coo led  t h e  l i q u i d  sample and 
p r e v e n t e d  f l a s h i n g .  The coo led  sample was c o l l e c t e d  i n  a  s m a l l  c e n t r i -  
f u g e  t u b e  j o i n e d  t o  t h e  bottom of  t h e  sample  condenser  by a  s t a n d a r d  
t a p e r ,  ground g l a s s  j o i n t .  The sample r e c e i v e r  cou ld  be evacua ted  o r  
v e n t e d  by m a n i p u l a t i o n  of a  s topcock  i n  t h e  vacuum system.  
The lower  sampl ing sys tem was l o c a t e d  between t h e  bottom of t h e  
t e s t  s e c t i o n  and t h e  s t i l l ,  and excep t  f o r  minor v a r i a t i o n s  i n  a r r a n g e -  
ment w a s  e x a c t l y  l i k e  t h e  upper sampl ing sys tem.  I n  normal o p e r a t i o n  
r e f l u x  from t h e  bottom of t h e  column passed  d i r e c t l y  throu.gh t h e  lower  
sampl ing sys tem i n t o  a  s m a l l  d i a m e t e r  g l a s s  t u b e  which e n t e r e d  t h e  lower  
ca lming s e c t i o n  a t  t h e  45 d e g r e e  o f f s e t  and ex tended  a few c e n t i m e t e r s  
below t h e  l i q u i d  l e v e l  i n  t h e  s t i l l .  The lower sampl ing sys tem i s  shown 
i n  F i g u r e  3. 
Hea t ina  System 
B e f o r e  be ing  r e t u r n e d  t o  t h e  t e s t  s e c t i o n ,  t h e  r e f l u x  was h e a t e d  
t o  a p p r o x i m a t e l y  i t s  bubb le  p o i n t  by a  smal l  h e a t e r  which, a s  i s  shown 
i n  F i g u r e  7 ,  was p l a c e d  between t h e  uppe r  s ampl ing  s y s t e m  and t h e  r e f l u x  
d i s t r i b u t o r .  The r e f l u x  h e a t e r  c o n s i s t e d  of  a  20 c e n t i m e t e r  l e n g t h  o f  
o n e - h a l f  i n c h  0. D . ,  medium w a l l ,  g l a s s  t u b i n g  b e n t  i n  a  U-shape. The 
h e a t i n g  e l emen t  was c o n s t r u c t e d  by a p p l y i n g  t o  t h e  t u b i n g  i n  s u c c e s s i v e  
l a y e r s :  
( 1 )  Two wraps  o f  1/16 i n c h  t h i c k  a s b e s t o s  c l o t h  t a p e .  
( 2 )  A wind ing  o f  10 f e e t  o f  Nichrome w i r e  o f  11 ohms p e r  f o o t  
r e s i s t a n c e .  
( 3 )  Two wraps  o f  1/16 i n c h  t h i c k  a s b e s t o s  c l o t h  t a p e .  
(4) A 1/8 i n c h  t h i c k  l a y e r  o f  a s b e s t o s  f u r n a c e  cement.  
The s t i l l  was h e a t e d  by an 850 w a t t  e l emen t  i n c o r p o r a t e d  i n  t h e  
"Gyratherm" m a g n e t i c  s t i r r e r  and an a u x i l i a r y  e l emen t  c o n s i s t i n g  o f  1 5  
ohms o f  f l e x i b l e  h e a t i n g  t a p e  wound a round  t h e  uppe r  p a r t  o f  t h e  s t i l l .  
The s t i l l  h e a t i n g  e l e m e n t s  were  s e p a r a t e l y  c o n t r o l l e d  by two " F o w e r s t a t , "  
v a r i a b l e  t r a n s f o r m e r s  m a n u f a c t u r e d  by t h e  S u p e r i o r  E l e c t r i c  Company o f  
B r i s t o l ,  C o n n e c t i c u t ,  each  o f  which had  a  maximum o u t p u t  o f  1000 w a t t s .  
The uppe r  ca lming  s e c t i o n  was i n s u l a t e d  and h e a t e d  t o  p r e v e n t  
p r e m a t u r e  c o n d e n s a t i o n  of  t h e  v a p o r  l e a v i n g  t h e  t o p  o f  t h e  t e s t  s e c t i o n .  
T h i s  was a c c o m p l i s h e d  by a p p l y i n g  t o  t h e  g l a s s  t u b e ,  i n  s u c c e s s i v e  
l a y e r s :  
(1) One wrap o f  1/16 i n c h  t h i c k  a s b e s t o s  c l o t h  t a p e .  
( 2 )  A winding  o f  20 f e e t  of  Nichrome w i r e  o f  11 ohms p e r  f o o t  
r e s i s t a n c e .  
( 3 )  T h r e e  wraps o f  1/16 i n c h  t h i c k  a s b e s t o s  c l o t h  t a p e .  
(4) A 13 i n c h  l e n g t h  o f  1-3/4 i n c h ,  85 p e r  c e n t  magnes i a ,  s t a n d -  
a r d  p i p e  i n s u l a t i o n .  
( 5 )  Two wraps  o f  m o i s t u r e  r e s i s t a n t  c l o t h  t a p e .  
Hea t  l o s s e s  i n  t h e  l ower  ca lming  s e c t i o n  were  p r e v e n t e d  by h e a t i n g  
a n d  i n s u l a t i o n  p r o v i s i o n s  s i m i l a r  t o  t h o s e  u s e d  on t h e  u p p e r  ca lming  s e c -  
t i o n  e x c e p t  t h a t  t h e  s t a n d a r d  p i p e  i n s u l a t i o n  and  t h e  m o i s t u r e  r e s i s t a n t  
c l o t h  t a p e  were  o m i t t e d .  
P r o v i s i o n  was made f o r  e l i m i n a t i n g  h e a t  l o s s e s  f rom t h e  t e s t  s e c -  
t i o n  by  e n c a s i n g  i t  i n  f o u r  s e p a r a t e l y  c o n t r o l l e d  compensa t ing  h e a t e r s ,  
e a c h  a p p r o x i m a t e l y  o n e  f o o t  l o n g .  Each  o f  t h e s e  h e a t e r s  was c o n s t r u c t e d  
by a p p l y i n g  t o  t h e  g l a s s  t u b e ,  i n  s u c c e s s i v e  l a y e r s :  
(1) F i v e  wraps  o f  1/16 i n c h  t h i c k  a s b e s t o s  c l o t h  t a p e .  
( 2 )  A wind ing  of  20 f e e t  o f  Nichrome w i r e  o f  11 ohms p e r  f o o t  
r e s i s t a n c e .  
( 3 )  Two wraps  o f  1/16 i n c h  t h i c k  a s b e s t o s  c l o t h  t a p e .  
(4) A one  f o o t  l e n g t h  of  two i n c h ,  85 p e r  c e n t  magnes i a ,  s t a n d -  
a r d  p i p e  i n s u l a t i o n .  
(5)  Two w r a p s  o f  m o i s t u r e  r e s i s t a n t  c l o t h  t a p e .  
The uppe r  and  lower  ca lming  s e c t i o n  h e a t e r s ,  t h e  r e f l u x  h e a t e r ,  
and  t h e  f o u r  t e s t  s e c t i o n  h e a t e r s  were  i n d i v i d u a l l y  c o n t r o l l e d  by 132 
w a t t ,  " P o w e r s t a t "  v a r i a b l e  t r a n s f o r m e r s  m a n u f a c t u r e d  by t h e  S u p e r i o r  
E l e c t r i c  Company o f  B r i s t o l ,  C o n n e c t i c u t .  These  s e v e n  t r a n s f o r m e r s  and  
t h e  two l a r g e r  t r a n s f o r m e r s  which  c o n t r o l l e d  t h e  s t i l l  h e a t e r s  were  
mounted on t h e  h e a t e r  c o n t r o l  p a n e l  shown i n  F i g u r e  8. C o n s t a n t  o u t p u t  
f rom t h e  t r a n s f o r m e r s  was a s s u r e d  by c o n n e c t i n g  t h e  p r i m a r y  w i n d i n g s  t o  
a 115 v o l t ,  3000 w a t t ,  v o l t a g e  s t a b i l i z e r .  

Tempera tu re  Measurement 
I r o n - c o n s t a n t a n  the rmocoup les  were  u s e d  t o  measure  t h e  t e m p e r a t u r e  
a t  1 3  p o i n t s  i n  t h e  a p p a r a t u s .  The the rmocoup les  were  f a b r i c a t e d  from 
d u p l e x  w i r e  c o n t a i n i n g  bo th  t h e  i r o n  and c o n s t a n t a n  i n  a  s i n g l e  s t r a n d .  
The w i r e ,  a s  s u p p l i e d ,  was i n s u l a t e d  w i t h  a  combina t ion  of a s b e s t o s  and  
g l a s s  f i b e r  which p r o v i d e d  r e s i s t a n c e  t o  b o t h  h e a t  and m o i s t u r e .  A l l  of 
t h e  t h e r m o c o u p l e s  were  made f rom a  s i n g l e  l o t  of  w i r e  p u r c h a s e d  from t h e  
Leeds  and N o r t h r u p  Company o f  P h i l a d e l p h i a ,  P e n n s y l v a n i a ,  
A p a i r  of  t h e r m o c o u p l e s  was l o c a t e d  a t  t h e  midd le  of  e a c h  o f  t h e  
f o u r  compensa t ing  h e a t e r s ,  one a t  t h e  t e s t  s e c t i o n  w a l l  and o n e  between 
t h e  t h i r d  and  f o u r t h  wraps o f  a s b e s t o s  c l o t h  t a p e .  A d i a b a t i c  o p e r a t i o n  
was a c h i e v e d  by a d j u s t i n g  t h e  t r a n s f o r m e r s  c o n t r o l l i n g  t h e  h e a t e r s  s o  
t h a t  e a c h  the rmocoup le  p a i r  i n d i c a t e d  t h e  same e.m.f.  
One the rmocoup le ,  which c o u l d  be moved, was u s e d  t o  measu re  t h e  
t e m p e r a t u r e  o f  t h e  l i q u i d  l e a v i n g  t h e  r e f l u x  h e a t e r .  The same thermo-  
couple w a s  u s e d  t o  measure  t h e  t e m p e r a t u r e  o f  t h e  l i q u i d  l e a v i n g  t h e  
r o t o m e t e r  by moving it, a s  r e q u i r e d ,  t o  a  t he rmocoup le  w e l l  l o c a t e d  i n  
t h e  r o t o m e t e r  e x i t  l i n e .  S i n g l e  t h e r m o c o u p l e s  were  l o c a t e d  a t  t h e  w a l l s  
o f  t h e  u p p e r  and  lower  ca lming  s e c t i o n s ,  and i n  a  t h e r m o c o u p l e  w e l l  i n  
t h e  s t i l l .  
The v o l t a g e ,  i n  m i l l i v o l t s ,  g e n e r a t e d  i n  each  the rmocoup le  c i r c u i t  
was measured  w i t h  a  P o r t a b l e  M i l l i v o l t  P o t e n t i o m e t e r  ( ~ e e d s  and N o r t h r u p  
C a t a l o g  No. 8686) h a v i n g  a  r a n g e  o f  -10.1 t o  S l O l . 1  m i l l i v o l t s  and  a  
l i m i t  o f  e r r o r  o f  * ( 0 . 0 5  p e r  c e n t  o f  t h e  s c a l e  r e a d i n g  + 0.003 m i l l i -  
v o l t s ) .  The p o t e n t i o m e t e r  i s  shown i n  F i g u r e  8. 
The the rmocoup le  c i r c u i t s  were  c o n n e c t e d  t o  t h e  p o t e n t i o m e t e r  
t h r o u g h  a  24 P o i n t  R o t a r y  S e l e c t o r  S w i t c h  ( ~ e e d s  and N o r t h r u p  Type 31 -3 ) .  
Using t h i s  s w i t c h  made i t  p o s s i b l e  t o  u s e  o n l y  one  i c e  b a t h  c o l d  junc -  
t i o n  and o n l y  one c o n n e c t i o n  t o  t h e  p o t e n t i o m e t e r  f o r  a l l  1 2  thermocouple 
c i r c u i t s .  I n  a d d i t i o n ,  t h e  s w i t c h  p e r m i t t e d  a  comple t e  s e t  o f  v o l t a g e  
d e t e r m i n a t i o n s  t o  be  made i n  r a p i d  s u c c e s s i o n .  The s w i t c h  was conven- 
i e n t l y  l o c a t e d  on t h e  h e a t e r  c o n t r o l  p a n e l  shown i n  F i g u r e  8 .  
Comple te  c a l i b r a t i o n  d a t a  were  o b t a i n e d  f o r  two o f  t h e  thermo-  
c o u p l e s  by d e t e r m i n i n g  t h e  e.m.f. a t  10 t e m p e r a t u r e s  between 25 d e g r e e s  
c e n t i g r a d e  and  140  d e g r e e s  c e n t i g r a d e .  The t e m p e r a t u r e s  were  measured  
by a  N a t i o n a l  Bureau o f  S t a n d a r d s  C e r t i f i e d  the rmomete r  p l a c e d  i n  a 
t h e r m o s t a t e d  c o n t a i n e r  o f  mercu ry  w i t h  t h e  the rmocoup le  j u n c t i o n s .  The 
c a l i b r a t i o n  d a t a  a r e  g i v e n  i n  T a b l e  6 i n  Appendix 11. 
A f o u r t h  d e g r e e  po lynomia l  was f i t t e d  t o  t h e  d a t a  which r e p r o -  
duced t h e  c a l i b r a t i o n  d a t a  w i t h i n  t h e  l i m i t  o f  e r r o r  o f  t h e  p o t e n t i o m -  
e t e r .  A c a l i b r a t i o n  t a b l e  was p r e p a r e d  by  u s i n g  t h e  po lynomia l  t o  com- 
p u t e  t h e  e ,m.f .  a t  t e m p e r a t u r e s  between 25 and 140 d e g r e e s  c e n t i g r a d e  
i n  i n c r e m e n t s  o f  0.05 d e g r e e s  c e n t i g r a d e .  A s m a l l  p o r t i o n  of  t h i s  t a b l e  
i s  r e p r o d u c e d  i n  T a b l e  7  i n  Appendix 11. The t e m p e r a t u r e  c o r r e s p o n d i n g  
t o  a  g i v e n  e ,m.f .  c o u l d  be r e a d  from t h e  c a l i b r a t i o n  t a b l e  t o  0 . 0 5  d e -  
g r e e s  c e n t i g r a d e  w i t h o u t  i n t e r p o l a t i o n .  
The 10 r e m a i n i n g  the rmocoup les  were  checked a g a i n s t  t h e  two 
c a l i b r a t e d  the rmocoup les  a t  46.60 and 72 .35  d e g r e e s  c e n t i g r a d e  and,  
a s  i s  shown i n  T a b l e  8 i n  Appendix 11, w i t h i n  t h e  l i m i t  o f  e r r o r  o f  
t h e  p o t e n t i o m e t e r  a l l  g e n e r a t e d  t h e  same e.m.f.  T h e r e f o r e ,  o n l y  one  
c a l i b r a t i o n  t a b l e  was r e q u i r e d  f o r  a l l  12  the rmocoup les .  Tdking i n t o  
dccoun t  t h e  c a l i b r a t i o ~  d a t a  and t h e  l i m i t s  of  e r r o z  of  t h e  p o t e n t i o m -  
e t e r  i t  i s  e s t i m a t e d  t h a t  i n  t h i s  i n v e s z i g a t i o n  t h e  t e m p e r a t u r e  c o u l d  
be  d e t e r m i n e d  t o  w i t h i n  * 0,50 d e g r e e s  c e n t i g r a d e .  
A n a l y s i s  
L i q u i d  samples  f rom - the  t o p  and bo t tom of t h e  t e s t  s e c t i o n  were 
a n a l y z e d  by r e f r a c t i v e  i n d e x  u s i n g  a Bausch and Lomb O p t i c a l  Company, 
R o c h e s t e r ,  New Uork, m o d i f i e d  Abbe t y p e ,  p r e c i s i o n  . r e f r a c t o r n e t e r a  A 
~ o . ~ s . k a n t  t e r n p e s a ' k u ~ e  b a t h  maniifactuced by t h e  P ~ e c i s i o ~  S c i e n t i f i c ,  
Company o f  Chicago,  I l l i : ~ o i s ,  rnaint:3ined t h e  Lempe::ature o f  a n a l y s i s  
a t  3 c o n s t a n t  25,O d e g r e e s  c e n t i g r a d e .  
C a l i b r a t i o n  d a t a  were  o b t a i n e d  btl de ie-mining  t h e  r e f r a c t i v e  
i n d e x  a t  i 6  c o m p o s i t i o n s  r a n g i n g  from p u r e  c h l o r o b e n z e n e  .to p u r e  e t h y l -  
benzene ,  These d a t a  a r e  g i v e n  i n  T a b l e  9 i n  Appe.;ldix 11. A c a l i b r a -  
t i o n  t a b l e  was p r e p a r e d  by f i t t i n g  a  f i f t h  d e g r e e  po lynomia l  t o  t h e  
c a l i b r a t i o n  d a t a  and t h e n  u s i n g  t h e  po lynomia l  t o  compute c o m p o s i t i o n s  
a t  0,005 i n c r e m e n t s  o f  t h e  r e f r a c - t o m e t e r  s c a l e  r e a d i n g .  Si:?ce 0 . 0 0 5  
was t h e  s m a l l e s t  s c a l e  i nc remen t  which c o u l d  be r e a d  ( o n e - h a l f  o f  t h e  
s m a l l e s t  s c a l e  d i v i s i o n ,  0 .01 )  c o m p o s i t i o n s  c o u l d  be d e t e r m i n e d  from 
t h e  c a l i b r a t i o n  t a b l e  w i t h o u t  i n t e r p o l d t i o n .  A p o r t i o ?  of  t h e  c s l i b r a -  
t i o n  t a b l e  i s  g i v e n  i n  T a b l e  13 i n  Appendix 11, The r e f r a c t i v e  i n d e x  
s p r e a d  and - the  a c c u r a c y  o f  t h e  r e f r a c t o m e t e r  we!.e s u c h  t h a t  s ample  
c o m p o s i t i o n s  c o u l d  be d e t e r m i n e d  t o  w i t h i n  + 0,001 mole f r a c t i o n .  
Vacuum System 
The vacuum system c o n s i s t e d  of one pump, two c o l d  t r a p s ,  f o u r  
s u r g e  t a n k s ,  one  n e e d l e  v a l v e ,  two manometers and f o u r  s t o p c o c k s .  A 
s c h e m a t i c  of  t h e  sys tem i s  shown i n  F i g u r e  9 .  
A "Duo-Seal Vacuum Pump" manufactured by t h e  Welch Manufactur ing 
Company of  Chicago,  I l l i n o i s ,  was used t o  produce and main ta in  t h e  de- 
s i r e d  vacuum i n  t h e  a p p a r a t u s .  The pump was c a p a b l e  of  producing a vac- 
uum of l e s s  than  one m i l l i m e t e r  o f  mercury th roughout  t h e  e n t i r e  sys tem 
i n  l e s s  t h a n  f i v e  minutes .  The pump was p r o t e c t e d  from condensable  va-  
p o r s  by two c o l d  t r a p s  m a i n t a i n e d  a t  t h e  i c e  p o i n t .  
The sys tem p r e s s u r e  was r e g u l a t e d  by a  C a r t e s i a n  d i v e r  (88) mano- 
s t a t .  The d e v i c e  used i n  t h i s  i n v e s t i g a t i o n  was manufactured by t h e  
Manostat  C o r p o r a t i o n  of New York, New York, and had an a d v e r t i s e d  s e n -  
s i t i v i t y  o f  i 0.2 p e r  c e n t  o r  * 0.2 m i l l i m e t e r s  of  mercury, whichever 
i s  t h e  g r e a t e r .  I n  p r a c t i c e  t h e  manosta t  was a b l e  t o  c o n t r o l  t h e  p r e s -  
s u r e  t o  w i t h i n  * 1.0 m i l l i m e t e r s  o f  mercury.  A s m a l l  n e e d l e  v a l v e  was 
used  i n  c o n j u n c t i o n  w i t h  t h e  manosta t  f o r  c o a r s e  p r e s s u r e  c o n t r o l .  The 
manos ta t  was p r o t e c t e d  from condensable  vapors  by a c o l d  t r a p  immersed 
i n  an i c e  ba th .  P r e s s u r e  f l u c t u a t i o n s  were smoothed o u t  by i n c l u d i n g  
two, 2 - l i t e r  s u r g e  t a n k s  between t h e  pump and t h e  manosta t  and one, 
2 - l i t e r  s u r g e  t a n k  between t h e  manosta t  and t h e  t o p  of  t h e  column con- 
d e n s e r  . 
The sys tem p r e s s u r e  was measured a t  t h e  t o p  of  t h e  column con- 
d e n s e r  by two mercury manometers connec ted  i n  s e r i e s .  The manometers 
were p r o t e c t e d  from condensab le  vapors  and sudden p r e s s u r e  f l u c t u a t i o n s  
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Figure 9- Schematic Drawing of Vacuum System. 
by a  s u r g e  t a n k  of  250 c u b i c  c e n t i m e t e r  c a p a c i t y .  F o r  p r e s s u r e s  below 
240 m i l l i m e t e r s  o f  mercury ,  t h e  p r e s s u r e  was r e a d  f rom a  B e n n e r t  t y p e  
manometer  ishe her S c i e n t i f i c  Company, New York, New York, C a t a l o g  No. 
1 1 - 2 9 2 ) .  T h i s  manometer h a d  a  movable  240 m i l l i m e t e r  s c a l e ,  g r a d u a t e d  
i n  m i l l i m e t e r s ,  wh ich  was m i r r o r e d  t o  e l i m i n a t e  p a r a l l a x  e r r o r s  i n  r e a d -  
i n g .  F o r  p r e s s u r e s  f rom 240 m i l l i m e t e r s  t o  a t m o s p h e r i c ,  a  U-tube manom- 
e t e r  c o n s t r u c t e d  by t h e  a u t h o r  was u s e d .  Both manometers  were  f r e q u e n t l y  
checked  f o r  a c c u r a c y  a t  low p r e s s u r e s  w i t h  a  McLeod g a u g e  ( ~ c e  G l a s s ,  
I n c o r p o r a t e d ,  V i n e l a n d ,  New J e r s e y ,  C a t a l o g  No. 8726) h a v i n g  a  r a n g e  o f  
0 .050  t o  15.0 m i l l i m e t e r s  o f  mercu ry .  
Two T-bore  and  two d i a g o n a l  b o r e ,  h i g h  vacuum, p r e c i s i o n  g r a d e  
s t o p c o c k s  were  i n c l u d e d  i n  t h e  vacuum s y s t e m  t o  p e r m i t  o p e r a t i o n  o f  t h e  
s y s t e m  i n  v a r i o u s  modes. B y  a p p r o p r i a t e  m a n i p u l a t i o n  of  t h e s e  s t o p c o c k s  
i t  was p o s s i b l e  t o  o p e r a t e  w i t h  t h e  s ample  r e c e i v e r s  a t  t h e  m a n o s t a t e d  
p r e s s u r e ,  t h e  pump i n l e t  p r e s s u r e ,  o r  a t m o s p h e r i c  p r e s s u r e  w i t h o u t  d i s -  
t u r b i n g  o t h e r  p a r t s  o f  t h e  s y s t e m .  The r e q u i r e d  s e t t i n g s  f o r  v a r i o u s  
modes o f  o p e r a t i o n  may b e  deduced  f rom t h e  s c h e m a t i c  g i v e n  i n  F i g u r e  9 .  
The f o u r  s t o p c o c k s ,  t h e  m a n o s t a t ,  and  t h e  two manometers  were  conven- 
i e n t l y  mounted on t h e  vacuum c o n t r o l  p a n e l  shown i n  F i g u r e  10. 
The v a r i o u s  e l e m e n t s  o f  t h e  vacuum s y s t e m  were  j o i n e d  t o g e t h e r  
by a  c o m b i n a t i o n  of  r u b b e r  t u b i n g  and  1/8 i n c h  b r a s s  p i p e .  C o n n e c t i o n s  
were  made w i t h  w i r e  clamps o r  s t a n d a r d  p i p e  f i t t i n g s ,  a s  a p p r o p r i a t e .  
The t i g h t n e s s  o f  a l l  c o n n e c t i o n s  was a s s u r e d  by an a p p l i c a t i o n  of  
s e a l i n g  v a r n i s h .  
Figure 10. Photograph of Vacuum Control Panel  
S e a l i n q  and L u b r i c a t i o n  
F i n d i n g  s u i t a b l e  s e a l i n g  and l u b r i c a t i n g  m a t e r i a l s  f o r  u s e  i n  
t h o s e  p a r t s  o f  t h e  a p p a r a t u s  which were  i n  c o n t a c t  w i t h  t h e  t e s t  mix- 
t u r e  was a  f o r m i d a b l e  t a s k .  The chlorobenzene-ethylbenzene m i x t u r e  u s e d  
i n  t h i s  i n v e s t i g a t i o n  p roved  t o  be an e x c e l l e n t  s o l v e n t  f o r  t h e  conven- 
t i o n a l  vacuum s e a l i n g  and l u b r i c a t i n g  compounds. 
A f t e r  t r y i n g  many d i f f e r e n t  s e a l i n g  m a t e r i a l s  i t  was found t h a t  
t h e  a p p l i c a t i o n  of  an a l k y d  r e s i n  (89) t o  t h e  o u t s i d e  o f  t h e  g round  
g l a s s  j o i n t s  f u r n i s h e d  a  s a t i s f a c t o r y  vacuum s e a l .  The r e s i n  was p r e -  
p a r e d  by r e a c t i n g  g l y c e r o l  and  p h t h a l i c  a n h y d r i d e  a t  a p p r o x i m a t e l y  130 
d e g r e e s  c e n t i g r a d e .  P o l y m e r i z a t i o n  was a l l o w e d  t o  p r o c e e d  u n t i l  a  
f u s i b l e  r e s i n  which s o f t e n e d  a t  a b o u t  100 d e g r e e s  c e n t i g r a d e  was ob- 
t a i n e d .  The h o t  f l u i d  r e s i n  was a p p l i e d  t o  t h e  o u t s i d e  o f  t h e  ground 
g l a s s  j o i n t s  and a l l o w e d  t o  c o o l  w i t h  t h e  s y s t e m  u n d e r  vacuum. The 
r e s i n  was i n s o l u b l e  i n  t h e  c h l o r o b e n z e n e - e t h y l b e n z e n e  m i x t u r e  b u t  
s l i g h t l y  s o l u b l e  i n  w a t e r .  A t h i n  c o a t i n g  o f  i n s u l a t i n g  v a r n i s h  was 
u s e d  t o  p r o t e c t  t h e  s e a l  from m o i s t u r e .  
The s t o p c o c k s  which were  i n  c o n t a c t  w i t h  t h e  t e s t  m i x t u r e  were  
l u b r i c a t e d  by a l i g h t  a p p l i c a t i o n  o f  g l y c e r o l ,  To m a i n t a i n  a  s a t i s -  
f a c t o r y  s e a l ,  i t  was n e c e s s a r y  t o  renew t h e  g l y c e r o l  c o a t i n g  a f t e r  
a b o u t  each  t w e n t y  h o u r s  of  o p e r a t i o n .  
CHAPTER I V  
EXPERIMENTAL PROCEDURES AND LIMITATIONS 
G e n e r a l  P r o c e d u r e  
B e f o r e  b e g i n n i n g  an e x p e r i m e n t a l  r u n  t h e  a p p a r a t u s  was c a r e f u l l y  
i n s p e c t e d  t o  l o c a t e  and  c o r r e c t  p o t e n t i a l  s o u r c e s  o f  d i f f i c u l t y  which 
might  c a u s e  t h e  equipment  t o  m a l f u n c t i o n .  P a r t i c u l a r  c a r e  was t a k e n  t o  
i n s u r e  t h a t  t h e  s t o p c o c k s  i n  t h e  s a m p l i n g  s y s t e m s  were  p r o p e r l y  l u b r i -  
c a t e d  and  s e a l e d .  
The s t i l l  c h a r g e  f o r  a l l  r u n s  was a b o u t  1200  c u b i c  c e n t i m e t e r s  
o f  t h e  ch lo robenzene-e thy lbenzene  t e s t  m i x t u r e  o f  a p p r o x i m a t e l y  0.500 
mole  f r a c t i o n  c h l o r o b e n z e n e  c o m p o s i t i o n .  These  v a l u e s  were  m a i n t a i n e d  
by r e p l e n i s h i n g  t h e  s t i l l  a s  n e c e s s a r y .  
A f t e r  t h e  vacuum s y s t e m  c o l d  t r a p s  were  s u p p l i e d  w i t h  i c e  and  
t h e  c o n d e n s e r  c o o l i n g  w a t e r  was t u r n e d  on,  t h e  s t a r t - u p  p r o c e d u r e  was 
begun.  An e x p e r i m e n t a l  r u n  was s t a r t e d  by e n e r g i z i n g  t h e  compensa t ing  
h e a t e r s ,  s t a r t i n g  t h e  vacuum pump, and  t u r n i n g  on t h e  m a g n e t i c  s t i l l  
s t i r r e r .  
The a p p a r a t u s  was s l o w l y  pumped down t o  t h e  a p p r o x i m a t e  o p e r a t -  
i n g  p r e s s u r e  by g r a d u a l l y  c l o s i n g  t h e  n e e d l e  v a l v e  i n  t h e  vacuum s y s t e m .  
A f t e r  t h e  column had  been i n s p e c t e d  f o r  l e a k s  t h e  d e s i r e d  o p e r a t i n g  
p r e s s u r e  was p r e c i s e l y  s e t  by t h e  m a n o s t a t  and  t h e  s t i l l  h e a t e r s  were 
e n e r g i z e d .  
When v a p o r  r e a c h e d  t h e  c o n d e n s e r  p e r i o d i c  t e m p e r a t u r e  nleasurements  
were  begun.  The t r a n s f o r m e r s  c o n t r o l l i n g  t h e  t e s t  s e c t i o n  h e a t e r s  were  
a d j u s t e d  u n t i l  t h e  thermocouples  i n d i c a t e d  t h a t  t h e  t e s t  s e c t i o n  w a l l  
and i n s u l a t i o n  were a t  t h e  same t e m p e r a t u r e ,  The w a l l  of  t h e  lower 
calming s e c t i o n  was main ta ined  a t  approx imate ly  t h e  t e m p e r a t u r e  o f  t h e  
b o i l i n g  m i x t u r e  i n  t h e  s t i l l .  To p r e v e n t  premature  condensa t ion ,  t h e  
upper  ca lming s e c t i o n  w a l l  was main ta ined  a t  a  t e m p e r a t u r e  10 t o  15 
d e g r e e s  c e n t i g r a d e  h i g h e r  t h a n  t h e  b o i l i n g  p o i n t  of  t h e  t e s t  m i x t u r e .  
About two hours  were r e q u i r e d ,  from t h e  t i m e  t h e  t e s t  m i x t u r e  began t o  
b o i l ,  t o  r e a c h  t h e r m a l  e q u i l i b r i u m .  A f t e r  t h e r m a l  e q u i l i b r i u m  had been 
a t t a i n e d  t h e  column compensating h e a t e r s  r e q u i r e d  v e r y  l i t t l e  f u r t h e r  
a d j u s t m e n t .  
During t h e  approach t o  t h e r m a l  e q u i l i b r i u m  a  h i g h  r a t e  o f  b o i l -  
ing  was m a i n t a i n e d  t o  a s s i s t  i n  h e a t i n g  up t h e  column and t o  i n s u r e  
complete  w e t t i n g  of t h e  t e s t  s e c t i o n  w a l l .  When the rmal  e q u i l i b r i u m  
was r e a c h e d  t h e  b o i l - u p  r a t e  was s l o w l y  reduced  u n t i l  t h e  r o t o m e t e r  
f l o a t  i n d i c a t e d  approx imate ly  t h e  d e s i r e d  f l o w  r a t e .  S imul taneous ly ,  
t h e  r e f l u x  h e a t e r  was e n e r g i z e d  and a d j u s t e d  t o  b r i n g  t h e  r e f l u x  up t o  
t h e  bubb le  p o i n t  t e m p e r a t u r e .  The r e f l u x  h e a t e r  was c o n s i d e r e d  t o  be  
p r o p e r l y  a d j u s t e d  when s m a l l  bubbles  became v i s i b l e  i n  t h e  e x i t  l i n e  of  
t h e  h e a t e r .  
No a t t e m p t  was made t o  o b t a i n  an e x a c t  p rede te rmined  f l o w  r a t e .  
When t h e  r o t o m e t e r  i n d i c a t e d  t h e  approximate  b o i l - u p  r a t e  d e s i r e d  t h e  
s t i l l  h e a t e r s  were l e f t  unchanged and t h e  b o i l - u p  r a t e  was a l lowed  t o  
f r e e l y  s e e k  an e q u i l i b r i u m  v a l u e .  
Mass t r a n s f e r  e q u i l i b r i u m  was reached  from two t o  f o u r  h o u r s  
a f t e r  the rmal  e q u i l i b r i u m  had been a t t a i n e d .  The l e n g t h  of  t i m e  
r e q u i r e d  v a r i e d  w i t h  p r e s s u r e  and b o i l - u p  r a t e  bu t  w i t h  e x p e r i e n c e  
c o u l d  be p r e d i c t e d  w i t h i n  one hour .  
When it was e s t i m a t e d  t h a t  mass t r a n s f e r  e q u i l i b r i u m  had beer1 
a t t a i n e d  l i q u i d  samples were withdrawn from t h e  t o p  and bottom of t h e  
t e s t  s e c t i o n ,  T h i s  was accomplished by e v a c u a t i n g  t h e  sample  r e c e i v e r s  
and t h e n  r o t a t i n g  t h e  sampling s t o p c o c k s  t o  t h e  p roper  p o s i t i o n .  The 
sample  from t h e  bottom of t h e  t e s t  s e c t i o n  was t aken  f i r s t  s i n c e  sam- 
p l i n g  a t  t h e  t o p  s l i g h t l y  d i s t u r b e d  t h e  column whereas sampl ing a t  t h e  
bottom d i d  n o t .  Both samples  were c o l l e c t e d  w i t h i n  twen ty  seconds  and 
t h e  column r e c o v e r e d  from t h e  d i s t u r b a n c e  i n  l e s s  t h a n  two minu tes .  
Each sample was of about  f i v e  c u b i c  c e n t i m e t e r s  volume. J u s t  p r i o r  t o  
sampl ing a complete  s e t  of  t e m p e r a t u r e ,  p r e s s u r e ,  and f l o w  r a t e  r e a d -  
i n g s  was r e c o r d e d .  
Sampling was c o n t i n u e d  a t  30 minute  i n t e r v a l s  u n t i l  r e f r a c t i v e  
i n d e x  measurements i n d i c a t e d  no f u r t h e r  change i n  composi t ion a t  t h e  
t o p  and bottom of t h e  t e s t  s e c t i o n .  The l a s t  p a i r  of compos i t ions  were 
t a k e n  a s  t h e  e q u i l i b r i u m  v a l u e s  and were r e c o r d e d  w i t h  a  f i n a l  s e t  o f  
t e m p e r a t u r e ,  p r e s s u r e ,  and f low r a t e  r e a d i n g s .  
Another  run  was o f t e n  begun a t  t h i s  p o i n t  by changing t h e  b o i l - u p  
r a t e  and making t h e  n e c e s s a r y  a d j u s t m e n t s  i n  t h e  column h e a t e r  c o n t r o l s .  
When t h i s  was done t h e  second b o i l - u p  r a t e  was a lways  made s i g n i f i c a n t l y  
d i f f e r e n t  from t h e  f i r s t .  A l a r g e  change i n  t h e  b o i l - u p  r a t e  caused a  
l a r g e  change i n  t h e  composi t ions  a t  t h e  t o p  and bottom of t h e  t e s t  s e c -  
t i o n  and c o n s e q u e n t l y  made t h e  d e t e c t i o n  of e q u i l i b r i u m  i n  t h e  succeed-  
i n g  run  more c e r t a i n .  
Column o p e r a t i o n  was s t o p p e d  by t u r n i n g  o f f  t h e  s t i l l  and column 
h e a t e r s  and a l l o w i n g  t h e  column t o  c o o l  down unde r  vacuum. When b o i l i n g  
c e a s e d  t h e  column was s l o w l y  v e n t e d  t o  t h e  a tmosphe re .  T h i s  p r o c e d u r e  
p r e v e n t e d  sudden t e m p e r a t u r e  and  p r e s s u r e  changes  which c o u l d  have  dam- 
aged  t h e  vacuum s e a l s .  
L i m i t a t i o n s  
The l o w e s t  b o i l - u p  r a t e  a t  which d a t a  ~ o u l d  be o b t a i n e d  was s e t  
by t h e  l i m i t a t i o n s  o f  t h e  compensa t ing  h e a t i n g  sys t em.  A t  s u f f i c i e n t l y  
low b o i l - u p  r a t e s  no v a p o r  r e a c h e d  t h e  t o p  o f  t h e  t e s t  s e c t i o n  even 
though  t h e r e  was r e f l u x  a t  t h e  bo t tom and t h e r m o c o u p l e  r e a d i n g s  i n d i c a t e d  
t h a t  t h e  t e s t  s e c t i o n  was o p e r a t i n g  a d i a b a t i c a l l y .  The e f f e c t  o f  t h i s  
l i m i t a t i o n  i s  d i s c u s s e d  i n  C h a p t e r  V I ,  RESULTS AND DISCUSSION. 
The l i m i t a t i o n s  o f  t h e  s t i l l  h e a t e r s  d e t e r m i n e d  t h e  maximum 
b o i l - u p  r a t e  a t  which d a t a  c o u l d  b e  o b t a i n e d .  A t  h i g h  i m p r e s s e d  v o l t -  
a g e s  t h e  s t i l l  h e a t e r  e l e m e n t s  t e n d e d  t o  o v e r h e a t  due  t o  poor  h e a t  
t r a n s f e r  between t h e  e l e m e n t s  and  t h e  g l a s s  s t i l l .  
I n  s p i t e  o f  t h e s e  l i m i t a t i o n s  t h e  a p p a r a t u s  u s e d  i n  t h i s  i n -  
v e s t i g a t i o n  p r o v i d e d  d a t a  o v e r  a s  wide  a  r a n g e  o f  b o i l - u p  r a t e s  a s  
any  p r e v i o u s l y  o b t a i n e d .  
The t e m p e r a t u r e  o f  t h e  t a p  w a t e r  u s e d  i n  t h e  column condense r  
d e t e r m i n e d  t h e  l o w e s t  p r e s s u r e  a t  which d a t a  c o u l d  be o b t a i n e d .  I t  
was found  t h a t  below 20 m i l l i m e t e r s  o f  mercu ry  p r e s s u r e  t h e  c o n d e n s e r  
c o o l i n g  w a t e r  was n o t  c o l d  enough t o  condense  a l l  o f  t h e  v a p o r  which  
e n t e r e d  t h e  condense r .  
CHAPTER V 
PHYSICAL PROPERTIES OF THE TEST MIXTURE 
G e n e r a l  
The t e s t  m i x t u r e  u s e d  i n  t h i s  work was composed o f  c h l o r o b e n z e n e  
and  e t h y l b e n z e n e .  T h i s  m i x t u r e  p o s s e s s e d  many of  t h e  p r e f e r r e d  c h a r a c -  
t e r i s t i c s  (90)  of a  b i n a r y  m i x t u r e  f o r  d e t e r m i n i n g  e f f i c i e n c i e s  i n  d i s -  
t i l l a t i o n  columns.  
The chlorobenzene was manufac tu red  by  t h e  J. T. Baker Company o f  
P h i l l i p s b u r g ,  New J e r s e y ,  and  had  a  b o i l i n g  r a n g e  o f  one  d e g r e e  c e n t i -  
g r a d e .  The e t h y l b e n z e n e  was m a n u f a c t u r e d  by t h e  Eastman Kodak Company 
o f  R o c h e s t e r ,  New York, and  had  a  b o i l i n g  r a n g e  o f  t h r e e  d e g r e e s  c e n t i -  
g r a d e .  
The components  were  p u r i f i e d  b e f o r e  u s e  by d i s t i l l a t i o n  i n  a  
column c o n s t r u c t e d  by t h e  a u t h o r  h a v i n g  a  f o u r  f o o t  s e c t i o n  packed w i t h  
a o n e - e i g h t h  i n c h  p e r t r u d e d  N i c k e l  p a c k i n g .  The c e n t e r  c u t  o f  a  s i n g l e  
d i s t i l l a t i o n  o f  c h l o r o b e n z e n e  and t h e  c e n t e r  c u t  o f  a  d o u b l e  d i s t i l l a t i o n  
o f  e t h y l b e n z e n e  were  u s e d  t o  p r e p a r e  t h e  t e s t  m i x t u r e .  A f t e r  p u r i f i c a -  
t i o n  b o t h  t h e  c h l o r o b e n z e n e  and t h e  e t h y l b e n z e n e  had  a b o i l i n g  r a n g e  o f  
l e s s  t h a n  0.2 d e g r e e  c e n t i g r a d e .  The r e f r a c t i v e  l n d i c e s  o f  t h e  p u r i f i e d  
components  a r e  compared w i t h  t h e  l i t e r a t u r e  v a l u e s  below: 
R e f r a c t i v e  Index a t  25O C.  Chlo robenzene  G t h y l b e n z e n e  
T h i s  work 1 .52186 1.49328 
Hawkins and B r e n t  (12 )  1 ,5215  1 .4933 
The g e n e r a l  p r o p e r t i e s  o f  t h e  t e s t  m i x t u r e  components  a r e  l i s t e d  
i n  T a b l e  11 i n  Appendix 111. 
To e v a l u a t e  d i s t i l l a t i o n  d a t a  t h e  p r o p e r t i e s  o f  t h e  m i x t u r e  b e i n g  
d i s t i l l e d  must be known. The re  a r e  few s y s t e m s  f o r  which a l l  o f  t h e  r e -  
q u i r e d  p h y s i c a l  p r o p e r t i e s  h a v e  been d e t e r m i n e d  e x p e r i m e n t a l l y .  There-  
f o r e ,  i t  i s  f r e q u e n t l y  n e c e s s a r y  t o  e s t i m a t e  v a l u e s  o f  t h o s e  p r o p e r t i e s  
f o r  which e x p e r i m e n t a l  d a t a  a r e  q o t  a v a i l a b l e .  
The d e t e r m i n a t i o n  of  t h e  p h y s i c a l  p r o p e r t i e s  o f  t h e  c h l o r o b e n z e n e -  
e t h y l b e n z e n e  t e s t  m i x t u r e  r e q u i r e d  t o  e v a l u a t e  t h e  d a t a  o f  t h i s  i n v e s t i -  
g a t i o n  i s  d i s c u s s e d  i n  s u c c e e d i n g  s e c t i o n s  of  t h i s  c h a p t e r .  Where e x p e r i -  
m e n t a l  d a t a  were n o t  a v a i l a b l e  t h e  n e c e s s a r y  p h y s i c a l  p r o p e r t i e s  were  
e s t i m a t e d  by c o n v e n t i o n a l  methods.  
The p r e s s u r e  d r o p  i n  w e t t e d  w a l l  columns i s  s o  s m a l l  ( 3 3 ) ( 6 8 )  t h a t  
t h e  o p e r a t i n g  t e m p e r a t u r e  and  p r e s s u r e  need  o n l y  be d e t e r m i n e d  a t  one  
p o i n t  i n  t h e  column. I n  t h i s  i n v e s t i g a t i o n ,  a l l  o f  t h e  p h y s i c a l  p r o p e r -  
t i e s  o f  t h e  m i x t u r e  i n  t h e  t e s t  s e c t i o n  were  e v a l u a t e d  a t  t h e  t empera -  
t u r e  measured  i n  t h e  s t i l l  and a t  t h e  p r e s s u r e  measured  a t  t h e  t o p  o f  
t h e  c o l u m ~  c o n d e ~ s e r .  
D e n s i t y  
Vapor 
The d e n s i t y  o f  t h e  v a p o r  m i x t u r e  was c a l c u l a t e d  by assuming t h e  
i d e a l  g a s  l aw  u s i n g  a mole f r a c t i o n  we igh ted ,  a v e r a g e  m o l e c u l a r  w e i g h t .  
The c o m p o s i t i o n  u s e d  f o r  t h e  c a l c u l a t i o n  was t h e  a r i t h m e t i c  a v e r a g e  o f  
t h e  c o m p o s i t i o n s  a t  t h e  t o p  and bo t tom of t h e  t e s t  s e c t i o n .  The c a l c u -  
l a t i o n  was made f o r  t h e  measured  o p e r a t i n g  p r e s s u r e  and  t h e  t e m p e r a t u r e  
i n  t h e  column s t i l l .  The v a p o r  d e n s i t y  f o r  each  run  i s  g i v e n  i n  T a b l e  
1 2  i n  Appendix 111. 
L i a u i d  
The d e n s i t y  o f  l i q u i d  e t h y l b e n z e n e  i s  a v a i l a b l e  i n  t h e  l i t e r a -  
t u r e  ( 9 1 ) .  The d e n s i t y  o f  l i q u i d  c h l o r o b e n z e n e  was e s t i m a t e d  by t h e  
methods o f  Lyde r sen  (92) .  L i q u i d  m i x t u r e  d e n s i t i e s  were  c a l c u l a t e d  
by assuming t h a t  t h e  mola l  volumes o f  t h e  p u r e  components  were  a d d i t i v e  
on a  mole f r a c t i o n  b a s i s  and  t h a t  t h e  change i n  volume on mix ing  was 
z e r o .  
The d e n s i t y  o f  t h e  l i q u i d  r e f l u x  f i l m  was b a s e d  on t h e  a r i t h m e t i c  
a v e r a g e  o f  t h e  c o m p o s i t i o n s  a t  t h e  t o p  and bot tom o f  t h e  t e s t  s e c t i o n  
and t h e  t e m p e r a t u r e  i n  t h e  column s t i l l .  D e n s i t i e s  u s e d  f o r  t h e  c a l c u -  
l a t i o n  o f  t h e  b o i l - u p  r a t e  were  b a s e d  on t h e  compos i t i on  a t  t h e  t o p  o f  
t h e  t e s t  s e c t i o n  and t h e  t e m p e r a t u r e  i n  t h e  e x i t  l i n e  o f  t h e  r o t o m e t e r .  
The a v e r a g e  l i q u i d  d e n s i t y  f o r  each  r u n  i s  g i v e n  i n  T a b l e  13 i n  Appen- 
d i x  111. 
V i s c o s i t y  
Va PO r 
V i s c o s i t i e s  o f  t h e  p u r e  v a p o r s  were  e s t i m a t e d  by t h e  method of 
L i c h t  and  S t e c h e r t  g i v e n  by R e i d  and  Sherwood ( 9 3 ) ,  Vapor m i x t u r e  
v i s c o s i t i e s  were  t a k e n  a s  t h e  a r i t h m e t i c  a v e r a g e  o f  t h e  v i s c o s i t i e s  
o f  t h e  p u r e  components  a t  t h e  t e m p e r a t u r e  i n  t h e  column s t i l l .  The 
v a p o r  v i s c o s i t y  f o r  e a c h  r u n  i s  g i v e n  i n  T a b l e  1 2  i n  Appendix 111. 
L  i au  i d  
The v i s c o s i - t y  o f  l i q u i d  e t h y l b e n z e n e  was t a k e n  f rom t h e  
l i t e r a t u r e  (91 ) .  The v i s c o s i t y  o f  l i q u i d  c h l o r o b e n z e n e  was o b t a i n e d  
by f i t t i n g  t h e  Andrade  e q u a t i o n  t o  a  l i m i t e d  amount o f  e x p e r i m e n t a l  
v i s c o s i t y  d a t a  ( 9 4 ) .  L i q u i d  m i x t u r e  v i s c o s i t i e s  were  t a k e n  a s  t h e  
mole f r a c t i o n  w e i g h t e d ,  a v e r a g e  o f  t h e  v i s c o s i t i e s  of  t h e  p u r e  com- 
p o n e n t s .  
The v i s c o s i t y  o f  t h e  l i q u i d  r e f l u x  f i l m  was b a s e d  on t h e  a r i t h -  
m e t i c  a v e r a g e  of  t h e  c o m p o s i t i o n s  a t  t h e  t o p  and  bo t tom of  t h e  t e s t  
s e c t i o n  and  t h e  t e m p e r a t u r e  i n  t h e  column s t i l l ,  V i s c o s i t i e s  u s e d  f o r  
t h e  c a l c u l a t i o n  of  t h e  b o i l - u p  r a t e  were  b a s e d  on t h e  c o m p o s i t i o n  a t  
t h e  . top  o f  t h e  t e s t  s e c t i o n  and  t h e  t e m p e r a t u r e  i n  t h e  e x i t  l i n e  of  
t h e  r o t o m e t e r .  The a v e r a g e  l i q u i d  v i s c o s i t y  f o r  e a c h  r u n  i s  g i v e n  
i n  T z b l e  13 i n  Appendix  111. 
D i f f u s i v i t y  
The' v o l u m e t r i c  d i f f u s i o n  c o e f f i c i e n t  o f  t h e  v a p o r  was e s t i m a t e d  
by an e m p i r i c a l  e q u a t i o n  due  t o  S l a t t e r y  and  g i v e n  by R e i d  and  Sherwood 
( 9 5 ) .  The c a l c u l a t i o n  was b a s e d  on t h e  column o p e r a t i n g  p r e s s u r e  and 
t h e  t e m p e r a t u r e  i n  t h e  column s t i l l .  The v o l u m e t r i c  d i f f u s i o n  c o e f f i -  
c i e n t  f o r  each  r u n  is  g i v e n  i n  T a b l e  12  i n  Appendix 111. 
Vapor P r e s s u r e  
Vapor p r e s s u r e  d a t a  f o r  b o t h  e t h y l b e n z e n e  (91)  and  c h l o r o b e n z e n e  
(96) a r e  a v a i l a b l e  i n  t h e  l i t e r a t u r e .  These  d a t a  a r e  g i v e n  i n  T a b l e s  
1 4  and  1 5  i n  Appendix  111. I n t e r p o l a t i o n  between r e p o r t e d  v a l u e s  was 
a c c o m p l i s h e d  by f i t t i n g  t h r e e - c o n s t a n t  A n t o i n e  e q u a t i o n s  t o  t h e  d a t a  
f o r  e a c h  component .  
dapor-Liquid  E q u i l i b r i u m  Data 
Hawkins and Brent  (12) de te rmined  v a p o r - l i q u i d  e q u i l i b r i u m  d a t a  
t o r  t h e  ch lo robenzene-e thy lbenzene  system. E x t e n s i v e  d a t a  f o r  760 and 
20 m i l l i m e t e r s  of  mercury p r e s s u r e  a r e  r e p o r t e d .  I n  a d d i t i o n ,  a  l i m i t e d  
amount of d a t a  i s  r e p o r t e d  a t  a  p r e s s u r e  of  300 m i l l i m e t e r s  of mercury. 
These d a t a  a r e  p r e s e n t e d  i n  Tab le  16  i n  Appendix 111. 
The e q u i l i b r i u m  d a t a  show t h a t  t h e  r e l a t i v e  v o l a t i l i t y  of  t h e  
m i x t u r e  i s  independent  o f  t h e  composi t ion betweeq t h e  l i m i t s  of  0.10 
and 0 .90 mole f r a c t i o n  chlorobenzene.  A t  760 m i l l i m e t e r s  o f  mercury 
t h e  r e l a t i v e  v o l a t i l i t y  i s  1.10 and a t  20 m i l l i m e t e r s  of  mercury t h e  
r e l a t i v e  v o l a t i l i t y  i s  1 .12.  The R a o u l t ' s  Law v a l u e s  a t  t h e s e  two 
p r e s s u r e s  a r e  1.11 and 1 .19,  r e s p e c t i v e l y .  Logar i thmic  i n t e r p o l a t i o n  
was u s e d  t o  o b t a i n  v a l u e s  o f  t h e  r e l a t i v e  v o l a t i l i t y  a t  i n t e r m e d i a t e  
p r e s s u r e s .  
CHAPTER V I  
RESULTS AND DISCUSSION 
G e n e r a l  
The r e s u l t s  of  t h i s  i n v e s t i g a t i o n  of  t h e  e f f e c t  of  r educed  p r e s -  
s u r e  on a  w e t t e d  w a l l  d i s t i l l a t i o n  column operat ing a t  t o t a l  r e f l u x  a r e  r e -  
p o r t e d  i n  t e rms  o f  HG, t h e  g a s  f i l m  h e i g h t  of a  t r a n s f e r  u n i t ,  and 
B, t h e  e f f e c t i v e  g a s  f i l m  t h i c k n e s s .  
Var ious  r u n s  were conducted a t  each of  t h e  f o l l o w i n g  f o u r  p r e s -  
s u r e s :  736, 300, 100, and 20 m i l l i m e t e r s  of  mercury.  The f l o w  r a t e s  
s t u d i e d  covered  a  vapor  Reynolds number range  o f  from 520 t o  18,600 
and t h u s  p rov ided  d a t a  i n  t h e  l aminar ,  t r a n s i t i o n a l ,  and t u r b u l e n t  r e -  
g i o n s  of vapor  f low. Only one o t h e r  i n v e s t i g a t i o n  ( 3 3 ) ,  which is 
e n t i r e l y  i n  t h e  r e g i o n  of t u r b u l e n t  vapor  f low,  h a s  covered a s  wide 
a  r a n g e  o f  f l o w  r a t e s .  
A t  20 m i l l i m e t e r s  o f  mercury p r e s s u r e  t h e  column f l o o d e d  b e f o r e  
t h e  t u r b u l e n t  r e g i o n  of vapor  f low was e n t e r e d .  Hence, a t  t h i s  p r e s -  
s u r e  t h e  d a t a  cover  o n l y  t h e  l aminar  and t r a n s i t i o n a l  r e g i o n s .  
- 
F i g u r e s  11 and 12, p l o t s  of FIG/ d v e r s u s  ReV and d / ~  
- 
v e r s u s  Re r e s p e c t i v e l y ,  show t h e  g e n e r a l  c h a r a c t e r  o f  t h e  d a t a  v ' 
o b t a i n e d  and t h e  r e l a t i o n s h i p  among t h e  t h r e e  r e g i o n s  of vapor  f low. 
The e x p e r i m e n t a l  d a t a  upon which t h e s e  f i g u r e s  a r e  based  a r e  summarized 
i n  T a b l e s  17 and 18 i n  Appendix I V .  I n  succeed ing  s e c t i o n s  of t h i s  
c h a p t e r  t h e  d a t a  o b t a i n e d  i n  each r e g i o n  of vapor  f low a r e  d i s c u s s e d  
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Figure 12. Ef fec t  of Pressure on d/~: Laminar, Trans i t ion ,  
and Turbulent Regions. 
and compared wi th  t h e  p r e d i c t i o n s  p r e s e n t e d  i n  CHAPTER 11, DISTILLA- 
TION THEORY. 
Laminar Reqion 
The r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  show t h a t  i n  t h e  r e g i o n  of 
l a m i n a r  vapor  f low a  d e c r e a s e  i n  p r e s s u r e  a t  c o n s t a n t  vapor  v e l o c i t y  
causes  an i n c r e a s e  i n  column e f f i c i e n c y  a s  i s  p r e d i c t e d  by t h e  t h e o r y .  
l h e  d a t a  i n  t h e  l a m i n a r  r e g i o n  a r e  compared w i t h  Westhaver ' s  ( 6 3 )  r e -  
- 
l a t i o n ,  e q u a t i o n  ( 8 7 ) )  i n  F i g u r e  13 by p l o t t i n g  HG v e r s u s  UV, which 
is  t h e  cus tomary method of p r e s e n t i n g  d a t a  i n  t h e  l aminar  r e g i o n .  
The q u a n t i t a t i v e  agreement between t h e  d a t a  and t h e  t h e o r y  i c  
n o t  good. I t  i s  e v i d e n t  from F i g u r e  13 t h a t  t h e  obse rved  v a l u e s  o f  
HG a r e  about  2.5 t i m e s  g r e a t e r  t h a n  a r e  p r e d i c t e d  by e q u a t i o n  (87); 
however, t h e  d i s c r e p a n c y  does  n o t  seem unduly  g r e a t  when compared w i t h  
t h e  d i s c r e p a n c i e s  which have been obse rved  (63) (68) i n  t h e  d a t a  of  
p r e v i o u s  i n v e s t i g a t i o n s  a t  low vapor  f l o w  r a t e s .  
A s  Rose (25) has  p o i n t e d  o u t ,  t h e  p r a c t i c a l  d i f f i c u l t i e s  en- 
c o u n t e r e d  i n  t h e  o p e r a t i o n  of w e t t e d  w a l l  d i s t i l l a t i o n  columns a t  
low f low r 8 t e s  a r e  g r e a t  and a r e  caused  by s m a l l  d e p a r t u r e s  o f  t h e  
column from a d i a b a t i c  performance.  The s e n s i t i v i t y  t o  d e p a r t u r e s  
from a d i a b a t i c  o p e r a t i o n  is e a s i l y  e x p l a i n e d .  A g i v e n  r a t e  o f  h e a t  
l o s s  ( o r  h e a t  i n p u t )  from t h e  t e s t  s e c t i o n  must n e c e s s a r i l y  produce 
a  g r e a t e r  r e s p o n s e  a t  low f low r a t e s  s i n c e  t h e  t o t a l  mass c o n t e n t  
(on a  u n i t  t i m e  b a s i s )  of t h e  m a t e r i a l  w i t h i n  t h e  t e s t  s e c t i o n  i s  
s m a l l e r  a t  low f low r a t e s  t h a n  i t  is a t  h i g h  f low r a t e s .  
Figure 13. Comparison of Laminar Flow Data with Westhaver 
(63) Relation. 
The f a c t  t h a t  t h e  t h e o r e t i c a l  l i n e s  l i e  t o  t h e  r i g h t  o f  t h e  ob- 
s e r v e d  d a t a  i n  F i g u r e  13 i n d i c a t e s  t h a t  t h e  column compensa t ing  h e a t i n g  
s y s t e m  ( s e e  CHAPTER 111) f a i l e d  t o  s u p p l y  enough h e a t  t o  make t h e  column 
a d i a b a t i c ;  i . e . ,  a  s m a l l  h e a t  l o s s  e x i s t e d  d u r i n g  a l l  r u n s .  S i n c e  a  
h e a t  l o s s  f rom t h e  t e s t  s e c t i o n  would c a u s e  e x t r a  c o n d e n s a t i o n  w i t h i n  
t h e  column t h e  f l o w  r a t e  which was measured  a t  t h e  t o p  o f  t h e  column 
was l e s s  t h a n  t h e  f l o w  r a t e  a t  t h e  bo t tom of t h e  column and c o n s e q u e n t l y  
t h e  t r u e  a v e r a g e  f l o w  r a t e  was l a r g e r  t h a n  t h a t  measured  a t  t h e  t o p .  
Then, t h e  t r u e  a v e r a g e  f l o w  r a t e s  c o r r e s p o n d i n g  t o  each  p o i n t  i n  F i g u r e  13 
were  h i g h e r  t h a n  t h e  measured  v a l u e s  u s e d  i n  p l o t t i n g  t h e  p o i n t s .  There-  
f o r e ,  t h e  t h e o r e t i c a l .  l i n e s  s h o u l d  l i e  t o  t h e  r i g h t  o f  t h e  d a t a  a s  i s  
shown i n  F i g u r e  13. 
I t  i s  e s t i m a t e d  t h a t  a  h e a t  compensa t ion  s y s t e m  c a p a b l e  of  keep-  
i n g  t e m p e r a t u r e  d i f f e r e n c e s  i n  t h e  t e s t  s e c t i o n  w a l l  t o  l e s s  t h a n  0.1 
d e g r e e  c e n t i g r a d e  would be r e q u i r e d  t o  o b t a i n  d a t a  i n  c l o s e  ag reemen t  
with Westhavqr's e q u a t i o n .  F o r  example, a t  20 millimeters of mercury 
p r e s s u r e ,  a  h e a t  l o s s  c o r r e s p o n d i n g  t o  a  0.5 d e g r e e  c e n t i g r a d e  temp- 
e r a t u r e  d r o p  t h r o u g h  t h e  t e s t  s e c t i o n  w a l l  would c a u s e  t h e  f l o w  r a t e  
a t  t h e  bot tom o f  t h e  column t o  be 9.6 grams p e r  m i n u t e  when t h e  f l o w  
r a t e  measured  a t  t h e  t o p  o f  t h e  t e s t  s e c t i o n  was o n l y  5.0 grams p e r  
m i n u t e .  
Q u a l i t a t i v e l y ,  e q u a t i o n  ( 8 7 )  s t a t e s  t h a t  
which s u g g e s t s  t h a t  t h e  e f f e c t  o f  p r e s s u r e  shou ld  be c o r r e l a t e d  by 
p l o t t i n g  H ~ / O ~  v e r s u s  1 / ~ ~ .  The a p p l i c a b i l i t y  o f  t h i s  r e l a t i o n  t o  
t h e  c o r r e l a t i o n  of t h e  obse rved  d a t a  i n  t h e  l aminar  r e g i o n  i s  shown i n  
F i g u r e  14. A l l  o f  t h e  d a t a  a r e  w e l l  c o r r e l a t e d  excep t  t h e  s i n g l e  p o i n t  
o b t a i n e d  a t  736 m i l l i m e t e r s  o f  mercury. S i n c e  it f a i l s  t o  c o r r e l a t e ,  
t h i s  p o i n t  i s  p robab ly  n o t  i n  t h e  r e g i o n  of l aminar  f low.  
Although t h e  amount of d a t a  o b t a i n e d  i n  t h e  l a m i n a r  r e g i o n  is  
n o t  l a r g e  and c l o s e  agreement between t h e o r y  and exper iment  was n o t  ob- 
t a i n e d ,  t h e  t h e o r e t i c a l  p r e d i c t i o n  of t h e  e f f e c t  of  r educed  p r e s s u r e  on 
column e f f i c i e n c y  is  q u a l i t a t i v e l y  i n  e x c e l l e n t  agreement w i t h  t h e  d a t a .  
T h e r e f o r e ,  i t  is  concluded t h a t  Westhaver ' s  e q u a t i o n ,  e q u a t i o n  ( 8 7 ) ,  w i l l  
s a t i s f a c t o r i l y  p r e d i c t  t h e  e f f e c t  o f  r educed  p r e s s u r e  on d i s t i l l a t i o n  
e f f i c i e n c y  i n  t h e  r e g i o n  of l aminar  vapor  f low.  
T r a n s i t i o n  Resion 
The r e s u l t s  of  t h i s  i n v e s t i g a t i o n  show t h a t  i n  t h e  r e g i o n  of  
t r a n s i t i o n a l  vapor  f low a d e c r e a s e  i n  p r e s s u r e  a t  c o n s t a n t  vapor  Reyn- 
o l d s  number c a u s e s  a  d e c r e a s e  i n  column e f f i c i e n c y .  Th i s  e f f e c t  of  
p r e s s u r e  i s  i l l u s t r a t e d  i n  F i g u r e  1 5  where t h e  d a t a  i n  t h e  t r a n s i t i o n  
-- 
r e g i o n  a r e  p l o t t e d  a s  d / ~  v e r s u s  
ReV 
Although no d i s t i l l a t i o n  t h e o r y  a p p l i c a b l e  t o  t h i s  r e g i o n  was 
found i n  t h e  l i t e r a t u r e ,  t h e  r e s u l t s  obse rved  may b e  e x p l a i n e d  by a 
c o n s i d e r a t i o n  of t h e  hydrodynamic s t a t e  of  t h e  vapor  and t h e  l i q u i d  
f i l m  on t h e  w a l l s  o f  t h e  column. Those p a r t s  o f  t h e  a v a i l a b l e  l i t e r a -  
t u r e  concern ing  t h e  t r a n s i t i o n  from laminar  t o  t u r b u l e n t  f l o w  i n  p i p e s  
Figure 14. Corre la t ion  of Pressure Ef fec t :  Laminar Region. 

and t h e  phenomena of  l i q u i d  f i l m  r i p p l i n g  which a r e  n e c e s s a r y  t o  e x p l a i n  
t h e  d a t a  a r e  reviewed and summarized i n  CHAPTER 1, INTRODUCTION. 
The d e s i g n  of  t h e  column used i n  t h i s  i n v e s t i g a t i o n  ( s e e  CHAPTER 
111, APPARATUS) a f f o r d e d  c o n s i d e r a b l y  smoother vapor  e n t r y  c o n d i t i o n s  
t h a n  t h o s e  normal ly  encoun te red  i n  f low th rough  p i p e s .  S i n c e  t h e  s t i l l  
po t  was s t i r r e d ,  vapor  e v o l u t i o n  from t h e  b o i l i n g  l i q u i d  was smooth and 
s t e a d y .  The o f f s e t  i n  t h e  calming s e c t i o n  between t h e  s t i l l  p o t  and t h e  
t e s t  s e c t i o n  f u r t h e r  c o n t r i b u t e d  t o  even vapor  f low and t h e  e n t r y  t o  t h e  
t e s t  s e c t i o n  was smooth and w e l l  rounded.  Thus, t h e  e n t r y  c o n d i t i o n s  
c r e a t e d  v e r y  l i t - t l e  d i s t u r b a n c e  i n  t h e  e n t e r i n g  vapor  s t r e a m .  T h e r e f o r e ,  
r i p p l i n g  of  t h e  r e f l u x  f i l m  w i t h i n  t h e  t e s t  s e c t i o n  would be  e x p e c t e d  t o  
s t r o n g l y  i n f l u e n c e  t h e  d e g r e e  of  t u r b u l e n c e  i n  t h e  vapor  s t r e a m  and con- 
s e q u e n t l y ,  e x e r t  a  s t r o n g  i n f l u e n c e  on t h e  v a l u e s  of  t h e  vapor  Reynolds 
number which d e f i n e  t h e  t r a n s i t i o n  r e g i o n .  
The expec ted  i n f l u e n c e  of  l i q u i d  r i p p l i n g  on t u r b u l e n c e  i n  t h e  
vapor  phase  i s  conf i rmed by t h e  d a t a .  F i g u r e  16, a p l o t  of d / ~  versus 
ReL, shows t h a t  t h e  t r a n s i t i o n  from laminar  t o  t u r b u l e n t  f l o w  i n  t h e  
vapor  phase  b e g i n s  a t  a  l i q u i d  Reynolds number o f  abou t  20, t h a t  t h e  
f low becomes f u l l y  t u r b u l e n t  a t  a l i q u i d  Reynolds number o f  about  80, 
and t h a t  t h e  sys tem p r e s s u r e  h a s  no i n f l u e n c e  on t h e  r a n g e  of t r a n s i -  
t i o n ,  Thus, t h e  f i r s t  d e p a r t u r e  from laminar  vapor  f l o w  i s  a lmos t  
e x a c t l y  c o i n c i d e n t  w i t h  t h e  i n c e p t i o n  of t h e  s u r f a c e  waves n o t e d  by 
i n v e s t i g a t o r s  o f  l i q u i d  f i l m  f low and t h e  end o f  t h e  t r a n s i t i o n  r e g i o n  
c l o s e l y  c o i n c i d e s  w i t h  t h e  a t t a i n m e n t  of a s t a b l e  l i q u i d  s u r f a c e  con- 
f i g u r a t i o n  which i s  u n a f f e c t e d  by f u r t h e r  i n c r e a s e  i n  t h e  l i q u i d  Reyn- 
o l d s  number. 
m m m m  
1 1 x 1  
L . Y Y - 8 -  
0 0 0 0  
E E E E  
E E E E  
n n n n  
The f a c t  t h a t  t h e  t r a n s i t i o n  r a n g e ,  when c o n s i d e r e d  i n  t e r m s  o f  
t h e  l i q u i d  Reyno lds  number, i s  i n d e p e n d e n t  o f  t h e  o p e r a t i n g  p r e s s u r e  
i n d i c a t e s  t h a t  t h e  d e g r e e  o f  v a p o r  t u r b u l e n c e  i s  c o n t r o l l e d  by t h e  
l i q u i d  Reyno lds  number, i . e . ,  by t h e  d e g r e e  o f  r i p p l i n g  o f  t h e  l i q u i d  
s u r f a c e ,  I t  was c o n c l u d e d  i n  CHAPTER I1 t h a t  i n  f u l l y  d e v e l o p e d  t u r -  
b u l e n t  f l o w  a  r e d u c t i o n  i n  p r e s s u r e  a t  c o n s t a n t  t u r b u l e n c e  c o n d i t i o n s  
( c o n s t a n t  v a p o r  Reyno lds  number) s h o u l d  c a u s e  an i n c r e a s e  i n  column 
e f f i c i e n c y .  I t  would  b e  e x p e c t e d  t h a t  i n  t h e  t r a n s i t i o n  r e g i o n  a  de -  
c r e a s e  i n  p r e s s u r e  a t  c o n s t a n t  t u r b u l e n c e  c o n d i t i o n s  s h o u l d  a l s o  c a u s e  
an i n c r e a s e  i n  column e f f i c i e n c y .  S i n c e  t h e  t u r b u l e n c e  c o n d i t i o n s  i n  
t r a n s i t i o n a l  f l o w  a r e  d e t e r m i n e d  by t h e  l i q u i d  Reyno lds  number, a  r e -  
d u c t i o n  i n  p r e s s u r e  a t  c o n s t a n t  l i q u i d  Reyno lds  number s h o u l d  t h e r e f o r e  
c a u s e  an i n c r e a s e  i n  column e f f i c i e n c y .  T h i s  e f f e c t  o f  p r e s s u r e  i s  ex-  
h i b i t e d  by t h e  d a t a  shown i n  F i g u r e  1 6 ,  
The e x p l a n a t i o n  of  t h e  e f f e c t  o f  p r e s s u r e  a t  c o n s t a n t  v a p o r  
R e y n o l d s  number r e q u i r e s  an e x a m i n a t i o n  of  t h e  r e l a t i o n s h i p  between 
t h e  v a p o r  and  l i q u i d  R.eynolds numbers ,  T h i s  i n v e s t i g a t i o n  was con- 
d u c t e d  u n d e r  c o n d i t i o n s  o f  t o t a l  r e f l u x  and  h e n c e  t h e  l i q u i d  a n d  
v a p o r  Reyno lds  numbers a r e  c l o s e l y  r e l a t e d ,  F i g u r e  17 p r e s e n t s  t h e  
-- 
a c t u a l  r e l a t i o n s h i p  d e r i v e d  f rom t h , e  d a t a  by p l o t t i n g  ReV v e r s u s  
ReL f o r  e a c h  r u n  w i t h  o p e r a t i n g  p r e s s u r e  a s  a p a r a m e t e r .  The d a t a  
p o i n t s  a r e  o m i t t e d  f rom F i g u r e  17 f o r  t h e  s a k e  o f  c l a r i t y .  
S i n c e  t h e  d e c r e a s e  i n  o p e r a t i n g  t e m p e r a t u r e  accompanying a de-  
c r e a s e  i n  p r e s s u r e  c a u s e s  an  i n c r e a s e  i n  t h e  l i q u i d  v i s c o s i t y  a n d  a  
d e c r e a s e  i n  t h e  v a p o r  v i s c o s i t y ,  F i g u r e  17  shows t h a t  t h e  m a g n i t u d e  
Figure 17. Relation Between Liquid and Vapor Reynolds Numbers 
a t  Total Reflux. 
of  t h e  l i q u i d  Reyno lds  number c o r r e s p o n d i n g  t o  a  g i v e n  v a p o r  Reyno lds  
number d e c r e a s e s  a s  t h e  p r e s s u r e  d e c r e d s e s "  T h e r e f o r e ,  t h e  d e g r e e  o f  
r i p p l i n g  d e c r e a s e s  and  t h e  d e g r e e  o f  v a p o r  t u r b u l e n c e  d e c r e a s e s  a s  t h e  
p r e s s u r e  i s  d e c r e a s e d  a t  c o n s t a n t  v a p o r  Reyno lds  number. T h i s  c a u s e s  
an i n c r e a s e  i n  t h e  t h i c k n e s s  o f  t h e  t r u e  l a m i n a r  l a y e r  a n d  an i n c r e a s e  
i n  t h e  r e s i s t a n c e  o f  t h e  t u r b u l e n t  c o r e  which  r e s u l t s  i n  a n  i n c r e a s e  i n  
t h e  o v e r a l l  r e s i s t a n c e  t o  mass 1 , r a ; l s f e r  and  c o n s e q u e n t l y ,  a d e c r e a s e  i n  
t h e  column e f f i c i e n c y .  
The o n l y  d a t , ~  i n  t h e  t r a n s i t i o n  r e g i o n  a v a i l a b l e  f o r  compar i son  
a r e  t h a t  o f  N i k o l a e v  (36) .  I n  F i g u r e  18 t h e  a t m o s p h e r i c  p r e s s u r e  d a t a  
a r e  compared w i t h  a  l i n e  r e p r e s e n t i n g  N i k o l d e v ' s  d a t a  by p l o t t i n g  d / ~  
-- 
v e r s u s  ReV . The d a t a  o f  t h i s  i r l v e s t i g a t i o n  l i e  dbou t  15 p e r  c e n t  be low 
t h e  d a t a  o f  N iko laev .  T h i s  i s  p r o b a b l y  d u e  t o  t h e  f a c t  t h a t  N i k o l a e v ' s  
columv h a d  no  c a l m i ~ g  s e c t i o n  b e f o r e  t h e  t e s t  s e c t i o n  and  t h e r e f o r e  t h e  
e n t e r i n g  v a p o r  t u r b u l e n c e  c o n d i t i o n s  w e r e  h i g h e r  t h a n  t h e y  would h a v e  
been i f  a c a lming  s e c t i o n  similar t o  t h a t  u s e d  i n  t h i s  i n v e s t i g a t i o n  
h a d  been employed,  
T u r b u l e n t  Reqion  
I n  t , he  r e g i o n  of  t u r b u l e n t  v a p o r  f l o w  a d e c r e a s e  i n  p r e s s u r e  a t  
c o n s t a n t  v a p o r  Reyno lds  number c a u s e s  an i n c r e a s e  i n  column e f f i c i e n c y  
a s  p r e d i c t e d  by t h e  t u r b u l e n t  c o r e - l a m i n a r  l a y e r  c o n c e p t .  T h i s  p r e s s u r e  
e f f e c t  i s  shown i n  F i g u r e s  19  and  20 where  H ~ /  d  and  d / ~ ,  r e s p e c t i v e l y ,  
- 
a r e  p l o t t e d  v e r s u s  R e V ,  No d a t a  a r e  shown f o ~  t h e  t e s t s  a t  20 m i l l i -  
m e t e r s  o f  mercu ry  b e c a u s e  a t  t h i s  p r e s s u r e  t h e  column f l o o d e d  b e f o r e  a 
f l o w  r a t e  i n  t h e  t u r b u l e n - t  r e g i o n  c o u l d  b e  r e a c h e d .  
Figure 18. Comparison of Atmospheric Data with Data of Nikolaev 
(36) : Transition Region. 
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I L was p o i n t e d  O U L  I n  CHAPTER 11, DISTILLATION THEORY, tha-r; t h e  
e f f e c t  of  p r e s s u r e  p r e d i c t e d  by t h e  c o n v e n t i o n a l  c o r r e l a t i o n s  depends 
on whether  t h e  c o r r e l a t i o n  is e x p r e s s e d  i n  t e rms  of d/E! o r  H ~ /  d.  
T h i s  i n c o n s i s t e n c y  was assumed t o  be syriiptomatic of a  fundamental  f a u l t  
i n  t h e  form of t h e  c o r r e l a t i o n s "  The d a t a  o f  t h i s  i a v e s t i g a t i o n  s u p p o r t  
t h i s  view. F i g u r e  19  shows t h a t  a  d e c r e a s e  i n  p r e s s u r e  a t  c o n s t a n t  va-  
por  Reynolds number c a u s e s  a  d e c r e a s e  i n  ~ ~ / d  and hence an i n c r e a s e  
i n  column e f f i c i e n c y .  F i g u r e  20 shows t h a t  a  d e c r e a s e  i n  p r e s s u r e  a t  
c o n s t a n t  vapor  Reynolds number causes  an i n c r e a s e  i n  d / ~  and hence an 
i n c r e a s e  i n  column e f f i c i e n c y .  Thus, t h e  d a t a  and t h e  i n t e r p r e t a t i o n  
of t h e  q u a n t i t i e s  H ~ /  d and d / ~  a r e  c o n s i s t e n t  r e g a r d l e s s  o f  t h e  
method by which t h e  d a t a  a r e  e x p r e s s e d .  
The t u r b u l e n t  co re - l aminar  l a y e r  concept  e x p l i c i t l y  assumes t h a t  
t h e  vapor  phase  t u r b u l e n c e  c o n d i t i o n s  a r e  d e f i n e d  by t h e  vapor  Reynolds 
number. The f a c t  t h a t  t h e  obse rved  e f f e c t  o f  p r e s s u r e  i s  p r e d i c t e d  by 
t h e  t u r b u l e n t  co re - l aminar  l a y e r  concept  imp l i e s  t h a t  i n  t h e  r e g i o n  of 
t u r b u l e n t  vapor  f l o w  t h e  vapor  Reynolds number a d e q u a t e l y  d e f i n e s  t h e  
t u r b u l e n c e  c o n d i t i o n s  a s  c o n t r a s t e d  w i t h  t h e  t r a n s i t i o n  r e g i o n  where 
t h e  d e g r e e  of  t u r b u l e n c e  i s  de te rmined  by t h e  l i q u i d  Reynolds number" 
The r e l a t i o n s h i p  between t h e  vapor  and l i q u i d  Reynolds numbers 
shown i n  F i g u r e  17 a p p l i e s  i n  t h e  t u r b u l e n t  r e g i o n  a s  w e l l  a s  i n  t h e  
t r a n s i t i o n  r e g i o n .  T h e r e f o r e ,  a  d e c r e a s e  i n  p r e s s u r e  a t  c o n s t a n t  vapor  
Reynolds number c a u s e s  a d e c r e a s e  i n  t h e  l i q u i d  Reynolds number. I n  
t h e  t r a n s i t i o n  r e g i o n  a  d e c r e a s e  i n  l i q u i d  Reynolds number c a u s e s  a  de-  
c r e a s e  i n  l i q u i d  r i p p l i n g  and hence  a d e c r e a s e  i n  vapor  t u r b u l e n c e  bu t  
i n  t h e  t u r b u l e n t  r e g i o n  t h e  d a t a  i n d i c a t e  t h a t  a  d e c r e a s e  i n  l i q u i d  
Reynolds  number h a s  no  e f f e c t  on t h e  v a p o r  t u r b u l e n c e .  
I n v e s t i g a t i o n s  o f  l i q u i d  f i l m  f l o w  show t h a t  i n  t h e  l i q u i d  
Reyno lds  number r a n g e  between 20 and 80 t h e  d e g r e e  o f  r i p p l i n g  i n c r e a s e s  
a s  t h e  l i q u i d  Reyno lds  number i s  i n c r e a s e d  b u t  a t  a  l i q u i d  Reynolds  num- 
b e r  o f  a p p r o x i m a t e l y  80 a  s t a b l e  s u r f a c e  c o n f i g u r a t i o n  i s  a t t a i n e d  which  
r e m a i n s  r e l a t i v e l y  unchanged up  t o  a  l i q u i d  Reyno lds  number of  abou t  
2000. A s  F i g u r e  1 6  shows, t h e  t r a n s i t i o n  r e g i o n  i s  c o n f i n e d  t o  a  l i q u i d  
Reyno lds  number r a n g e  o f  20 t o  80 and t u r b u l e n t  v a p o r  f l o w  p r e v a i l s  a t  
a l l  p r e s s u r e s  f o r  l i q u i d  Reynolds  numbers g r e a t e r  t h a n  80. Hence, i n  
t h e  t u r b u l e n t  r e g i o n ,  a  change  i n  p r e s s u r e  a t  c o n s t a n t  v a p o r  Reynolds  
number c a u s e s  no  change  i n  t h e  l i q u i d  s u r f a c e .  T h e r e f o r e ,  t h e  d e g r e e  
of  v a p o r  t u r b u l e n c e  must be  d e t e r m i n e d  by t h e  v a p o r  Reynolds  number. 
I n  F i g u r e  2 1  t h e  d a t a  o b t a i n e d  a t  a t m o s p h e r i c  p r e s s u r e  a r e  com- 
p a r e d  w i t h  t h e  c o r r e l a t i o n s  o f  p r e v i o u s  i n v e s t i g a t o r s  by p l o t t i n g  
-- 
d / 8  v e r s u s  R e V .  The a t m o s p h e r i c  p re s su re  d a t a  a r e  i n  e x c e l l e n t  a g r e e -  
ment w i t h  G i l l i l a n d  and  Sherwood 's  ( 1 8 )  c o r r e l a t i o n  of  v a p o r i z a t i o n  d a t a ,  
e q u a t i o n  ( 6 1 ) ,  and  w i t h  J o h n s t o n e  and P i g f o r d ' s  (28 )  c o r r e l a t i o n  of  d i s -  
t i l l a t i o n  d a t a ,  e q u a t i o n  ( 6 0 ) .  The l i n e  r e p r e s e n t i n g  t h e  C h i l t o n - C o l h r n  
a n a l o g y  (80 )  ( 8 1 ) ,  e q u a t i o n  (85), i s  a b o u t  20 p e r  c e n t  below t h e  d a t a .  




The f o l l o w i n g  c o n c l u s i o n s  were drawn from t h e  r e s u l t s  of  t h i s  
i n v e s t i g a t i o n :  
1. I n  a l l  r e g i o n s  o f  vapor  f low,  l a m i n a r ,  t r a n s i t i o n a l ,  and 
t u r b u l e n t ,  a  d e c r e a s e  i n  o p e r a t i n g  p r e s s u r e  a t  c o n s t a n t  vapor  t u r b u l e n c e  
c o n d i t i o n s  causes  an i n c r e a s e  i n  column e f f i c i e n c y .  
2. I n  t h e  r e g i o n  of  l aminar  vapor  f low t h e r e  i s  no  t u r b u l e n c e ;  
t h e r e f o r e ,  vapor  t u r b u l e n c e  c o n d i t i o n s  a r e  c o n s t a n t  and a  d e c r e a s e  i n  
p r e s s u r e  a t  c o n s t a n t  vapor  v e l o c i t y  causes  an i n c r e a s e  i n  column e f f i -  
c i e n c y .  
3. The e f f e c t  o f  r educed  p r e s s u r e  i n  t h e  r e g i o n  of l a m i n a r  vapor  
f l o w  is c o r r e l a t e d  by t h e  Westhaver (63) e q u a t i o n ,  
4. I n  t h e  r e g i o n  of  t r a n s i t i o n a l  vapor  f l o w  t h e  d e g r e e  of t u r -  
b u l e n c e  o f  t h e  vapor  i s  de te rmined  by t h e  d e g r e e  o f  r i p p l i n g  of  t h e  
l i q u i d  r e f l u x  f i l m  which, i n  t u r n ,  i s  de te rmined  by t h e  l i q u i d  Reynolds 
number; hence,  i n  t h i s  r e g i o n  a  d e c r e a s e  i n  o p e r a t i n g  p r e s s u r e  a t  con- 
s t a n t  l i q u i d  Reynolds number causes  an i n c r e a s e  i n  column e f f i c i e n c y .  
5 .  I n  t h e  r e g i o n  of t r a n s i t i o n a l  vapor  f low t h e  r e l a t i o n  between 
t h e  vapor  Reynolds number and t h e  l i q u i d  Reynolds number i s  such  t h a t  7 
d e c r e a s e  i n  o p e r a t i n g  p r e s s u r e  a t  c o n s t a n t  vapor  Reynolds number causes  
a  d e c r e a s e  i n  column e f f i c i e n c y .  
6.  I n  t h e  r e g i o n  of t u r b u l e n t  vapor  f low t h e  d e g r e e  of  t u r b u -  
l e n c e  of  t h e  vapor  i s  de te rmined  by t h e  vapor  Reynolds number; con- 
s e q u e n t l y ,  i n  t h i s  r e g i o n  a  d e c r e a s e  i n  o p e r a t i n g  p r e s s u r e  a t  c o n s t a n t  
vapor  Reynolds number causes  an i n c r e a s e  i n  column e f f i c i e n c y .  
7 .  The e f f e c t  of r educed  p r e s s u r e  i n  t h e  r e g i o n  of t u r b u l e n t  va- 
por  f low i s  q u a l i t a t i v e l y  p r e d i c t e d  by t h e  t u r b u l e n t  co re - l aminar  l a y e r  
concept  i n t r o d u c e d  by Yoshida (34) and G i l l  i l a n d  ( 3 5 )  . 
8. Empi r i ca l  r e l a t i o n s  which i n c l u d e  t h e  Schmidt number t o  a  
f r a c t i o n a l  power, such a s  t h o s e  of  G i l l i l a n d  and Sherwood (18), John-  
s t o n e  and P i g f o r d  ( 2 8 ) ,  and C h i l t o n  and Colburn ( 8 0 )  ( 8 1 ) ,  cannot  c o r -  
r e l a t , e  t h e  e f f e c t  o f  r e d u c e d  p r e s s u r e  on d i s t i l l a t i o n  e f f i c i e n c y .  
9. The vapor  Reynolds number a t  which t u r b u l e n t  f l o w  b e g i n s  
i n  t h e  vapor  i s  a f u n c t i o n  of t h e  d e g r e e  o f  r i p p l i n g  of t h e  l i q u i d  r e -  





G e n e r a l  
The d e t e r m i n a t i o n  of t h e  p h y s i c a l  p r o p e r t i e s  of  t h e  t e s t  m i x t u r e  
r e q u i r e d  t o  e v a l u a t e  t h e  d a t a  of t h i s  i n v e s t i g a t i o n  was d i s c u s s e d  i n  
CHAPTER V ,  PHYSICAL PROPERTIES OF THE TEST MIXTURE. The p h y s i c a l  prop-  
e r t i e s  of  t h e  column m i x t u r e  f o r  each run a r e  p r e s e n t e d  i n  Tab les  12 
and 13. 
The sample  c a l c u l a t i o n s  a r e  based on t h e  exper imenta l  d a t a  f o r  
Run 32 given  i n  T a b l e  17. The exper imenta l  d a t a  and t h e  p h y s i c a l  prop- 
e r t i e s  of t h e  column m i x t u r e  f o r  t h i s  run a r e  summarized below: 
Run 32 
.................... P, O p e r a t i n g  P r e s s u r e  
................. T, O p e r a t i n g  Temperature 
- ........................ W ,  Mass Flow R a t e  
.... YT,  Mole F r a c t i o n  Chlorobenzene a t  Top 
YB, Mole F r a c t i o n  Chlorobenzene a t  Bottom . 
lV, Vapor V i s c o s i t y  ....................... 
p V ,  Vapor D e n s i t y  ......................... 
..................... DV, Vapor D i f f u s i v i t y  
................. pL,  L i q u i d  F i lm V i s c o s i t y  
................... pL, L i q u i d  Film D e n s i t y  





0 .8194 x p o i s e  
5.090 x lo'* g m . / ~ m . ~  
0 .2473 cmO2/sec. 
4.347 x  p o i s e  
0.9363 gm ./cm. 
L i q u i d  Reynolds Number 
The Reynolds number f o r  t h e  f low of  a  v i s c o u s ,  i s o t h e r m a l ,  f a l l -  
ing  f i l m  (43) i s  
The mass r a t e  of  f l o w  p e r  u n i t  width  o f  w a l l  i s  g iven  by 
r =  (Mass x (Convers ion  actor) 
( c i r c u m f e r e n c e )  
- (54.9  gm./min.) X 1 
(5.569 cm.) ( 6 0  sec./min.) 
Thus, 
Vapor Reynolds Number R e l a t i v e  t o  t h e  L i q u i d  S u r f a c e  
The vapor  Reynolds number r e l a t i v e  t o  t h e  l i q u i d  s u r f a c e  i s  
The a v e r a g e  vapor  v e l o c i t y  r e l a t i v e  t o  t h e  l i q u i d  s u r f a c e  i s  
l h e  average  vapor  v e l o c i t y  r e l a t i v e  t o  t h e  t u b e  w a l l  i s  
- -  ass Flow   ate) 
U~ - (vapor  ~ e n s i  t y )  ( C r o s s - s e c t  i o n  ~ r e a )  x ( c o n v e r s i o n  ~ a c . t o r )  
The l i q u i d  s u r f a c e  v e l o c i t y  was c a l c u l a t e d  from t h e  a v e r a g e  l i q u i d  
f i l m  t h i c k n e s s  g iven  by e q u a t i o n  (1 )  a s  f o l l o w s :  
- 1.325 x cm. 
The a v e r a g e  l i q u i d  v e l o c i t y  i s  g iven  by 
- -  ass Flow R a t e  P e r  Uni t  Wall wid th )  
u~ - ( ~ i ~ u i d  F i l m   ensi it^) ( ~ i ~ u i d  F i lm ~ h i c k n e s s )  
The l i q u i d  s u r f a c e  v e l o c i t y  i s  g i v e n  by e q u a t i o n  (2) a s  
Thus,  
F i n a l l y ,  
- (5 .090  x 10-~~m. / c rn? ) (652 .5  cm./sec.)(1.9 cm.) - 
(0 .8194  x grn./sec.-cm.) 
H e i q h t  o f  a  T r a n s f e r  U n i t  
The h e i g h t  o f  a  t r a n s f e r  u n i t  i s  g i v e n  by e q u a t i o n  (53 )  a s  
F o r  c o n s t a n t  r e l a t i v e  v o l a t i l i t y  and  t o t a l  r e f l u x ,  e q u a t i o n  ( 5 5 )  
g i v e s  t h e  number o f  t r a n s f e r  u n i t s  r e q u i r e d  t o  e f f e c t  a  g i v e n  s e p a r a t i o n .  
Thus, 
S i n c e  v a p o r - l i q u i d  e q u i l i b r i u m  d a t a  were n o t  a v a i l a b l e  a t  100 
m i l l i m e t e r s  of  mercury p r e s s u r e  it was n e c e s s a r y  t o  e s t i m a t e  t h e  r e l a -  
t i v e  v o l a t i l i t y  a t  t h i s  p r e s s u r e .  Th i s  was accomplished by l o g a r i t h m i c  
interpolation between t h e  r e p o r t e d  v a l u e s  a t  760 and 20 m i l l i m e t e r s  given 
i n  Tab le  16.  
The i n t e r p o l a t i o n  e q u a t i o n  used was 
F o r  100 m i l l i m e t e r s  of mercury p r e s s u r e ,  t h i s  e q u a t i o n  g i v e s  
aR - 1.104 
Thus, 
Then, 
- - (125.1  cm. )  
(1 .864)  (1 .9  cm.) 
E f f e c t i v e  Film Thickness 
The e f f e c t i v e  f i l m  th ickness  i s  given by equation (57) a s  
The mass f l o w  r a t e  per  u n i t  a rea  i s  
 a ass Flow   ate) 
G = X (conversion  actor) 
(c ros s - sec t ion  ~ r e a )  
= 0.3228 gm./sec. - cm. 2 
Thus, 
- ( 4 )  (0.2473 ~ r n . ~ / s e c . )  (5.090 X gm./cm.3) (125.1 cm.) 
(0.3228 gm./sec. - cm.2) (1.864) (1 .9  cm.) 
Then, 
d - - (1.9 cm.) 
B (0.05510 cm.) 
APPENDIX I1 
CALIBRATION DATA 
Tab le  1. Ro tomete r  C a l i b r a t i o n  Data :  Ch lo robenzene  a t  23' C. 
F l o a t  H e i g h t  (cm.) 
P y r e x  S t e e l  Flow R a t e  (cm. 3/min.) 
Table 1 ( c o n t i n u e d )  
F l o a t  Height (crn.) 
P y r e x  S t ee l  F l o w  Rate (cm. 3/rnin .) 
T a b l e  2. R o t o m e t e r  C a l i b r a t i o n  Da ta :  E t h y l b e n z e n e  a t  24' C. 
- 
F l o a t  H e i g h t  (cm.) 
P y r e x  S t  e e l  Flow R a t e  (cmB3/rnin.) 
Table  3. Rotometer  C a l i b r a t i o n  Data:  Water a t  21' C.  
F l o a t  He igh t  (cm.) 
P y r e x  S t e e l  Flow R a t e  (cm. 3/min .) 
Table  4. Rotometer C a l i b r a t i o n  Data: E t h y l b e n z e n e  a t  31' C. 
F l o a t  He igh t  ( cm.) 
Pyrex S t  e e l  Flow R a t e  (cm. 3/min .) 
Table 5. Rotometer F l o a t  Data 
Pyrex S t e e l  
Df, F l o a t  Diameter ( i n c h e s )  0.1562 0.1562 
f l f j  F l o a t  Weight (grams) 
P f ,  F l o a t  Densi ty  (gm./cm. 3, 
Table 6. Thermocouple Calibration Data: Numbers 0 and 11 
e.m.f. (millivolts) 
Temperature (OC.) Number 0 Number 11 
Table  6 ( c o n t i n u e d )  
e.m.f. ( m i l l i v o l t s )  
Temperature (OC. )  Number 0 Number 11 
Table  6 ( c o n t i n u e d )  
Temperature (OC.) 
e.m.f. ( m i l l i v o l t s )  
Number 0 Number 11 
Table 7. Thermocouple Calibration Table: 72.00 to 73.00 O C .  




Table 8. Comparison of Thermocouples Numbers 1 to 5 with Number 11 
e.m. f .  (millivolts) 
Temp. 
(OC.) Number: 1 2 3 4 5 11 
Comparison of Thermocouples Numbers 6 to 10 with Number 11 
Temp. e.m.f (millivolts) 
(OC.) Number: 6 7 8 9 10 11 
T a b l e  9 .  R e f r a c t i v e  Index  - Composi t ion  C a l i b r a t i o n  Data :  T = 25OC. 
Mole F r a c t i o n  Ch lo robenzene  R e f r a c t o m e t e r  S c a l e  Reading  
T a b l e  10. R e f r a c t i v e  Index  - Cornpsi t ion C a l i b r a t i o n :  T = 25OC.: 
0.4997 t o  0 .5181 Mole F r a c t i o n  Ch lo robenzene  
R e f r a c t o m e t e r  S c a l e  Reading  Mole F r a c t i o n  Ch lo robenzene  
APPENDIX I11 
PHYSICAL PROPERTIES 
Table 11. General P rope r t i e s  of t h e  Test Mixture Components 
Property 
- - -  - - 
Chlorobenzene Ethylbenzene 
Molecular Weight (gm./gm.-mole) 112.56 106.16 
S p e c i f i c  Gravi ty  (20/4) 1.107 0.867 
Normal Boiling Point  ('C.) 132.1 136.2 
Ref rac t ive  Index 1.52479 a t  25OC. 1.49828 a t  14.5OC. 
C r i t i c a l  Temperature ( O C . )  359 346.6 
C r i t i c a l  Pressure  (atm.) 44.6 38 
References: (96) (97) 
Table  12.  P h y s i c a l  P r o p e r t i e s  of t h e  Column Vapor Mix tu re  
P = 736 M i l l i m e t e r s  of Mercury 
Py lo4 Pv  103 D~ x lo2 
Run T('c.) ( p o i s e )  (gm./crn. 3, ( ~ r n . ~ / s e c . )  S c ~  
Table 1 1  ( ~ o n t  inued) 
P = 20 Millimeters of Mercury 
Py lo4 p v  lo4 D~ 
Run T(OC. )  ( p o i s e )  ( r n . / r n 3 )  (cma2/sec.) C~ 
Table 12 ( c o n t i n u e d )  
P = 100 Millimeters of Mercury 
Run  
lo4 v p v  lo4 v 
T('C.) ( p o i s e )  ( q n . / ~ r n . ~ )  ( ~ r n . ~ / s e c . )  S c ~  
T a b l e  12 ( c o n t i n u e d  
? = 300 M i l l i m e t e r s  o f  Mercui ,  
pv  x lo4 p v  lo3 D~ x lo2 
Run T(OC.) ( p o i s e )  (p . / c rn .  3, (crn."sec.) c~ 
Table  13. P h y s i c a l  P r o p e r t i e s  of  t h e  Column L i q u i d  M i x t u r e  
P = 736 M i l l i m e t e r s  of  Mercury 
Run 
R e f l u x  Film Rotomet e r  E x i t  
( p o i s e )  
Table  13 ( c o n t i n u e d )  
P = 20 M i l l i m e t e r s  of Mercury 
Ref lux  Fi lm Rotometer Exit 
PL lo3 P L PL lo3  P L 
Run T ( O C . )  ( p o i s e )  (cjm./cm. 3, T ( O C . )  ( p o i s e )  ( g m ~ / c m * ~ )  
T a b l e  13 ( c o n t i n u e d )  
P = 100 Millimeters o f  Mercury  
R e f l u x  Film R o t o m e t e r  E x i t  
PL lo3 P L pL lo3 P L 
Run ( P C o )  ( p o i s e )  (gm./cm. 3, T ( O C . )  ( p i s e )  (gm./cmn3) 
Table  13 ( ~ o n t  inued) 
r = 300 Mil l imeters  o f  Mercury 
Run 
Ref lux  F i l m  Rotometer E x i t  
pL lo3 P L 
(poise)  (gm./cm. 3, T(OC.1 
T a b l e  14 .  Vapor P r e s s u r e  o f  C h l o r o b e n z e n e  
Vapor P r e s s u r e  (rnrn. of H ~ )  Tempera tu re  (OC. )  
1472.076 A n t o i n e  E q u a t i o n :  Log P = 7.05312 - + 2200620 
~ e f  e r e n c e  1 (96) 
Table 15. Vapor Pressure o f  Ethylbenzene 
Vapor Pressure (mm. of  ~ g )  Temperature ( O  C. ) 
1424.255 Antoine Equation: Log P = 6.95719 - + 213e206 
Reference: (91) 
Table  16.  Vapor-Liquid E q u i l i b r i u m  Data 
P = 760 M i l l i m e t e r s  o f  Mercury 
Mole F r a c t i o n  Chlorobenzene 
L i q u i d  Vapor R e l a t i v e  V o l a t i l i t y  
Refe rence :  (12) 
T a b l e  1 6  ( c o n t i n u e d )  
P = 7 6 0  M i l l i m e t e r s  o f  Mercury 
Mole F r a c t i o n  Ch lo robenzene  
L i q u i d  Vapor R e l a t i v e  V o l a t i l i t y  
1.10 = Average  
R e f e r e n c e :  (12) 
Table  1 6  ( c o n t i n u e d )  
P = 20 M i l l i m e t e r s  of Mercury 
Mole F r a c t i o n  Chlorobenzene 
L i q u i d  Vapor R e l a t i v e  V o l a t i l i t y  
1 - 1 2  = Average 
Refe rence :  (12)  
Table  1 6  ( c o n t i n u e d )  
P = 300 M i l l i m e t e r s  of  Mercury 
Mole F r a c t i o n  Chlorobenzene 
L i q u i d  Vapor R e l a t i v e  V o l a t i l i t y  
1 .12  = Average 
Refe rence :  (12)  
A P P E N D I X  IV 
EXPERIMENTAL AND CALCULATED DATA 
Table 17. Summary of Experimental Data 
P = 736 Millimeters of Mercury 
Mole Fraction Chlorobenzene 
Run Flow Rate (gm./min.) TOP Bottom 
Table  17 ( c o n t i n u e d )  
P = 20 M i l l i m e t e r s  o f  Mercury 
Run 
Mole F r a c t i o n  Chlorobenzene 
Flow R a t e  (gm./min.) TOP Bottom 
Table  17 ( c o n t i n u e d )  
P = 100 M i l l i m e t e r s  of Mercury 
Mole F r a c t i o n  Chlorobenzene 
Run Flow R a t e  (gm./min .) TOP Bottom 
Table 17 (continued) 
P = 300 Millimeters of Mercury 
Mole Fraction Chlorobenzene 
Hun Flow Rate (gm./min.) TOP Bottom 
rable 18. Summary of ~ a l c u l a t e d  Data 
P = 736 Millimeters o f  Mercury 
Run 
Table 18 (cont inued)  
P = 20 Mil l imeters  o f  Mercury 
- 
Run Re 
L T J d  d / ~  
Table 18 ( c o n t i n u e d )  
P = 100 Millimeters of Mercury 
- 
R u n  Re 
L 
Re v H ~ /  ‘i dB 
32 141 7,700 35.3 34.5 
3 3 110 6,060 33.9 28.2 
34 91.2 5,040 32.6 24.3 








Table 18 (continued) 
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